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INTRODUCTION:

The goal of this project was to determ ine if group A p21-activated kinases (P aks) are
important elements in signaling in neurofibro matosis type II (NF2). Our hypothesis was

that inactivation of the NF2 gene disrupts a signaling pathway em anating from the small
GTPase Rac and its effector, p21-activated ki nase (Pak). We propos ed that stim ulation
of the Rac /Pak signaling axis in cells lacking Merlin leads to changes in tra nscriptional
activity and cytoskeletal dynamics, ultimately resulting in enhanced cell proliferation and
motility, which are hallm arks of tum origenesis. Ifthis hypothesis is correct, then

inhibition of Pak signaling should disable the gr owth advantages of cells lacking Merlin.

We planned to test this theory using Pak loss-of-function cells and animals.

BODY: We set ourselves two specific tasks. These were:

Task 1. To determine if Pak function is required for mitogenic or morphogenic signaling
in fibroblasts and Schwann cells lacking Merlin (Months 1-24):

a. Analyze the expression level and activity of group A Paks in fibroblasts
and Schwann cells (Months 1-6).

b. Analyze effects of loss of Pak function on mitogenic and morphogenic
signaling in mouse embryo fibroblasts lacking Merlin (Months 6-18).

c. Analyze effects of loss of Pak function on mitogenic and morphogenic

signaling in mouse Schwann cells lacking Merlin (Months 18-24).

Task 2. To investigate the influence of Pak on the formation of tumors in transgenic
mice expressing a dominant negative form of Merlin (SchA(39-121), by determining if
crossing such mice with a) transgenic mice expressing a Pak inhibitor (PID), or b) Pak1™
mice affects their predisposition to the tumors typically seen in NF2 (Months 6-48):

a. Generate PID transgenic cells (Months 6-12).
. Generate and analyze PID transgenic mice (Months 12-24)
c. Mate PO-SchA(39-121) mice with the PID transgenics and Pak1l” mice
and analyze crosses (Months 24-48).

Progress

We have met alm ost all our goals for the pro ject, and in so me cases, exceeded th em, as
detailed below.

Task 1

a) Analyze the expression level and activity  of group A Paks in fibroblasts and
Schwann cells. This was accom plished in the first year when we showed that
Pak1 is the predominant group A Pak expressed in both fibroblasts and S chwann
cells but th at Pak? is also express ed at reasonably high levels. These results
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confirmed our strategy to focus on these tw o isoforms of Pak in our genetic and
biochemical experiments.

Analyze effects of loss of Pak function on mitogenic and morphogenic signaling
in mouse embryo fibroblasts lacking Merlin. As described in previous progress
reports, we created both retroviral and adenoviral expression vectors encoding the
Pak1 inhibitor dom ain (PID). These were altered to avoid binding of the PID
region to the Fragile X (FGX) protein. W e found that the newly constructed PID
vectors do not bind FG X or interfere with normal cell cycle progression, while
retaining the ability to inhi bit group A Paks. T hus, these reconfigured reagents
are suitable for evaluating the role of Pak in NF2. Rather than use NF2 " MEFs,
we instead carried out our analysis in mouse fibroblasts transformed with the NF2
BBA mutant (1). The results of these studies are summarized in Task 2b, below.

In addition, as described pr eviously, we developed a sm all molecule inhibitor
of Pak, term ed IPA3. This compound inhibits Pakl at a K iof24 uMin
fibroblasts and is also a potent inhibitor of the othe r two group A Paks, Pak2 and
Pak3. TPA3 does not inhibit the three group B Paks at 10 uM concentrations.
Remarkably, when tested against a panel of ~240 protein kinases, we found that
the specificity of [IPA3 i s comparable to that of som e of the best protein kinase
inhibitors known, such as the Abl inhibitor Imatinib (Gleevac) and the Rho kinase
inhibitor Y-27632 (2). IPA3 thus represen ts an additional reag ent for testing the
role of group A Pak function in NF2-defi cient cells. In cell-b ased experiments,
we found that IPA3 blocks Pak activati on and subsequent downstream activation
of ERK, as well as preventing ruffling of the plasma membrane.

As noted in our last progress report , in 2009 we focused on Pak function in
Schwann cells. W e used HEI-193 cells, which are derived from a human patient
with NF2 (3). W e determined that the growth and m otility of these cells wa s
markedly decreased by Pak inhibition, us ing either the Pak PID or the sm  all
molecule inhibitor IPA3.

As described in previous progress repor  ts, we encountered a problem in our
attempts to analyze s chwannoma formation in our NF2 mouse m odel. W e had
crossed transgenic mice expressing dominant negative NF2 in Schwann cells (PO-
SchA(39-121)) (4) with Pak1” mice, creating two cohorts with the genotypes PO-
SchA(39-121) Pak1™* and PO-SchA(39-121) Pakl™. Over a two-year period, w e
watched these cohorts for the deve lopment of Schwannom as a nd other
malignancies. W e found that 6/30 PO-Sch  A(39-121) Pak1™* mice developed
NF2-related pathologies (schwannom atosis, n erve shea th tum ors, sarcom as),
whereas 2/34 PO-SchA(39-121) Pak1” mice developed NF2-related pathologies.
These data suggest that our m ain hypothesis is correct: Pakl is required for the
efficient development of NF2-related pat hologies, and also support the corollary
idea that Pak inhibitors might be useful in the treatment of NF2. However, since
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the incidence of disease was so low, we did not obtain statistically significant data
from this experiment. As explained in previous progress reports, we then learned
that the mixed C57 B16/C129 background is not ideal for studying the effects of
the NF2 transgene (P 0-SchA(39-121). The creator of the PO-Sch A(39-121)
transgenic mice, Marco Giovannin i, recently found that th e C3H background is
much m ore favorable for analy sis (M.G., personal co mmunication), as
schwannomatosis develops in all the transgenic mice by three months of age. We
have therefore cro ssed PO-Sch A(39-121) mice and Pak1” m ice into the C3H
background and are repeating the studies listed above.

As reported previously, we a dded a new task to those originally specified in the
grant proposal. W e used two cell lines: m  ouse fibroblasts transduced with a
dominant negative form of NF2 (the NF2 BBA mutant (1)), and HEI-193 cells, a
human NF2 schwannom a cell line (3), and characterized these for invasiveness
and for growth properties. To assess invasiveness, cells were plated in a chamber
above a layer of Matrigel and assessed fo r their ability to pe netrate through this
layer. As shown in Fig. 1A, the invasiveness of ABB cells was almost twice that
of control NIH-3T3 cells. Expressi on of PID, but not inactive PID LF,
significantly inhibited the invasive capacity of Merlin ABB cells. Asin ABB
cells, PID expression also decreased th e invasiveness of H EI-193 cells, whereas
PID LF expression did not (Fig. 1B).  Thus, in both cell lines, a Pak inhibitor
substantially reduced invasiveness in the absence of Merlin function.

As regards proliferation, in the m ouse fibroblasts, we found, as expected, that
ABB cells showed an in creased growth rate compare to vector control cells (F ig.
2A). Co-expression of PID in these cells  inhibited proliferation. Conversely,
cells expressing PID LF resulted in slight stimulation on cell proliferation. Even
more pronounced effects were found in HEI-193 Schwanomma cells expressing
PID, which showed substantially slowing of proliferation relative to controls (Fig.
2B). Expression of PID LF had no effect in these cells.

Pak inhibition suppresses cell growth via a G2/M blockade. To better
understand the effects of Pa k blockade on cell prolif eration, we analyzed the
effect of PID expression on the cell cycle (Fig. 2C). In ABB cells, PID expression
led to a significant accumulation of cells in G2/M, an effect not seen in ABB/PID
LF cells. Sim ilar effects were noted in HEI-193 cells, in which PID expression
substantially increased the percentage of cells in G2/M (Fig. 2D).

Effects of PID on Erk cascade. To determ ine the m olecular basis of the
effects of PID expression on Merlin si gnaling, we exam ined a num ber of signal
transduction pathways. In m any cell types, group A Pak function is required for
activation of Erk, m ost likely by phosphor ylation of c-Raf at S338 and Mek]1 at
S298 (5). In ABB cells, basal levels of Pak, Mek, and Erk activity were elevated
but could be further stimulated by PDGF (Fig. 3). PID expression suppressed Pak
activation, as assessed by two distinct anti-phospho Pak antibodies. Surprisingly,
despite the suppressive e ffects of PID on Merlin ABB invasion, and proliferation,
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expression of this inhibitor did not have a significant effect on the activity of Mek
and Erk, even though it did reduce Pak activity significantly.

We also assessed the effects of Pak 1 nhibition in HEI-193 Schwannoma cells.
Asin ABBcells, P ID expression substantially reduced Pak activity in
Schwannoma cells, with little effect on Mek or Erk activities (F ig. 3). However,
unlike the results in ABB cells, PID expression exti nguished phosphorylation of
Mek at S298, the putative site of Pak phosphorylation. Thus, in these cells,
despite effectiv e sup pressiono fPa k, with consequent reduction of
phosphorylation of one of its m ajor targets in the Erk pathway, Mek activity (as
assessed by phospho Ser 217/221 antibodies) and downstream Erk activity were
unaffected.

Inhibition of tumor formation by Pak inhibition. HEI-193 cells do not
grow as xen ografts (6); therefore, to assess the e ffects of Pak inhibition on NF2-
related tum origenicity, we in jected nude m ice only with ABB, ABB/PID, or
ABB/PID LF cells. In agreem ent with prev ious studies, ABB cells developed
substantial tumors by 6 weeks post- injection (average volume >200 mm?) (1, 7).
Tumors derived from ABB/PID cells were m uch smaller in size, with an average
volume of 38 mm * (Fig. 4). Interestingly, m ice injected with ABB/PID LF cells
developed tum ors even larg er (average volum e ~450 mm °) than thos e injected
with ABB cells.

Lastly, we examined signaling activity in tumor lysates from these xenografts.
Pak activity was inhibited in ~ ABB/PID cells, indica ting that this su ppressor
remained effective in vivo. Surprisingly, while Akt and Erk were not active in
tumors derived from animals injected with ABB or ABB/PID LF cells, both Akt
and Erk wer e activated in lysate s from the sm all tumors that developed in m ice
injected with ABB/PID (Fig. 5). I tisalso of interest that, in the tum ors from
ABB/PID m ice, Merlin expression (presumably exogenous Merlin ABB) was
substantially elevated. These data show that P ID expression strongly inhibited
tumor for mation in the NF2 xenograft m odel, suggesting that Group I Paks are
required for transform ation in cells that have lost Mer lin function. Despite this
requirement, loss of Pa k function did not reduce Akt or Erk activity; on the
contrary, it activated them.

KEY RESEARCH ACCOMPLISHMENTS: Bulleted list of key research
accomplishments emanating from this research.

e Published a sm all molecule inhibitor of group A Paks and showed that this
inhibitor affects morphology of NF2-null Schwann cells.

e Completed crosses of NF2 and Pakl” mice into C3H genetic background and
initiated study of Pak1 effects in this genetic background.

e (Carried out cell-based and xenograf t models to evaluate the role of group A
Paks in NF2, showing that Pak activity is required for tumorigenesis in setting
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of loss of NF2, and that these eff  ects are no t m ediated by the M ek/ERK
pathway.

REPORTABLE OUTCOMES:

1.

A manuscript on the development of IPA3, a small molecule inhibitor of group A
Paks, was published Chemical Biology (Deacon et al., An isoform-selective,
small-molecule inhibitor targets the autoregulatory mechanism of p21-activated
kinase, Chem Biol. 15:322, 2008). This manuscript describes the first specific
inhibitor of group A Paks, and has already been cited more than a dozen times.
A second paper, describing Pak function in human schwannomas, was published
in collaboration with the Hanemann lab in Experimental Neurology (Flaiz et al.
PAK kinase regulates Rac GTPase and is a potential target in human
schwannomas. PAK kinase, Exp. Neurology 218:137-144, 2009.

We have recently submitted a third paper, “Chow, H.-Y. and Chernoff, J. p21-
activated kinases are required for transformation in neurofibromatosis type 2”, to
Oncogene.

Finally, based on the results of this study, my postdoctoral fellow, Betty Chow,
recently received a postdoctoral fellowship grant from the DOD to continue and
expand upon these experiments.

CONCLUSION:

With the exception of one experim ent (the com parison between PO-Sch A(39-121)

mice with PO-Sch A(39-121); Pakl ™ mice), we com pleted the objectives of our plan, as
well as two additional o bjectives. There are tw o new approaches that we have added: 1)
the use of a sm all molecule Pak inhibitor to supplem ent our cell- based studies and i1)
xenograft studies as a quick readout of Pak’s role in NF2-related tumorigenesis. We have
made significant progress on both these fronts.
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TN P
NIH-3T3 HEI-193
Fig. 1. Effects of PID on invasion, (A) The invasiveness of contr ol cells
or cells expr essing Merlin ABB, Merlin ABB/ PID, or Merlin ABB/PID
LF was det ermined by Matrigel invasion cha mber as say as compared
against uninfected control cells. The experiments were performed three
times with similar re sults. The data are presented as the means + S.D. of
duplicate well measurements fro m one representative experim ent. ( B)
Staining patt ern of cells that have migrated and adhered to the bottom
surfaces of filters in cell invasion  assay . The sm all circles are cross-
sections of 8§ um pores. Scale bar = 50 um.
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Figure 2. Inhibition of cell proliferation and induction of G2/M
arrest by expression of PID. (A) Equal numbers of the indicated cells
were seeded in 96-well plate and monitored by MTT ass ay for 7 day s.
The experiments were co nducted thre e tim es with sim ilar resu Its. ( B)
Cells were stained with propidi um iodide and subjected to cell cy cle
analysis by FACS. Re sults are repre sentative of three independent
experiments.
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Figure 3. Lack of effect of Pak inhibition on Erk pathway. Cells
were cultured in serum-free medium for 24 hr and then stimulated with 5
ng/ml of PDGF for 5 m in, as described in Material and Methods. Lysed
cells were separated by S DS-PAGE and incubated with the indicated
antibodies. Data shown represent the means £ SD of data fro m three
experiments.
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Figure 4. Effects of PID on tumor formation. Tum or formation was
assessed by subcutaneously inoculating 1 X  10° NIH-3T3 cells infected
with empty vector (Vector) into left flanks and equal number of Merlin-
expressing cells ( ABB, ABB/PID and ABB/PID L F, respectively ) into
right flank of the sa me mice. Five mice w ere used for each cell line.
Tumor diameters were measured every 3 days using caliper for 6 weeks
following injection. ( A) Representative phot ographs of nude m ice with
solid tumors (left panel). Enlarged images of boxed area in the left panel
(right panel). (B, C) Tum or volum e w as ca Iculated b y the f ormula
described in Material and Methods. Horizontal lines represent the average
tumor diameter.
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Figure 5. Activity of signaling pathways in tumor samples from
xenografts. Tum or were rese cted an d immediat ely ly sed ina buffer
containing 1 0 mM PBS pH 7.2, 1% Triton X-100, 0.1% SDS, 20%
glycerol, plus co mplete protease and phosphatase inhibitor tablets
(Roche). Lysates were separated by SDS-PAGE and incubated with the
indicated antibodies.
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SUMMARY

Autoregulatory domains found within kinases may
provide more unique targets for chemical inhibitors
than the conserved ATP-binding pocket targeted
by most inhibitors. The kinase Pakl contains an
autoinhibitory domain that suppresses the catalytic
activity of its kinase domain. Pak1 activators relieve
this autoinhibition and initiate conformational rear-
rangements and autophosphorylation events leading
to kinase activation. We developed a screen for allo-
steric inhibitors targeting Pak1 activation and identi-
fied the inhibitor IPA-3. Remarkably, preactivated
Pak1 is resistant to IPA-3. IPA-3 also inhibits activa-
tion of related Pak isoforms regulated by autoinhibi-
tion, but not more distantly related Paks, nor >200
other kinases tested. Pak1 inhibition by IPA-3 in live
cells supports a critical role for Pak in PDGF-stimu-
lated Erk activation. These studies illustrate an alter-
native strategy for kinase inhibition and introduce
a highly selective, cell-permeable chemical inhibitor
of Pak.

INTRODUCTION

Protein kinases are important therapeutic targets and are con-
sidered highly druggable owing to their conserved ATP-binding
pocket that can accommodate small molecules. However,
because of the evolutionary conservation of this pocket across
kinases, ATP-competitive inhibitors can inhibit large numbers
of other kinases in addition to their intended targets (Bain
etal., 2007; Karaman et al., 2008). Recently, it was demonstrated
that ATP-competitive inhibitors such as imatinib (Gleevec) can
achieve unusually high kinase selectivity by binding a less con-
served region adjacent to the ATP-binding pocket (Nagar
et al., 2002; Schindler et al., 2000), thus underscoring the idea
that inhibitor interactions with less conserved regions of a kinase
can provide opportunities for greater kinase selectivity. Indeed,
many kinases contain nonconserved sequence elements out-
side the kinase domain that mediate important facets of their
function such as localization, substrate recruitment, or the regu-
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lation of catalytic activity. Several kinases contain autoinhibitory
domains that bind and inhibit the activity of the catalytic domain
(Cheetham, 2004). We, and others, have proposed that proteins
regulated by autoinhibition may be susceptible to inhibition by
small molecules that perturb the conformational changes that
accompany relief of autoinhibition (Cheetham, 2004; Liu and
Gray, 2006; Peterson et al., 2004; Peterson and Golemis,
2004). The additional domains and conformational changes
that mediate kinase autoregulation may, therefore, provide novel
opportunities for more specific small-molecule inhibition than
ATP-competitive compounds.

Members of the p21-activated kinases (Paks) are one such
family that is subject to autoregulation. Group | Paks (Paks 1-3)
are regulated by autoinhibition that is relieved by binding to the
21 kDa GTP-binding proteins Rac and Cdc42. This distinct reg-
ulatory mechanism is not observed, however, in the more
distantly related group Il Paks (Paks 4-6). However, Pak5 may
undergo autoinhibition mediated by an unrelated domain (Ching
et al., 2003). Autoinhibition of Pak1 is mediated by the formation
of an inactive homodimer in which the autoregulatory region of
one monomer binds and inhibits the catalytic domain of its part-
ner and vice versa (Lei et al., 2000; Parrini et al., 2002). One crit-
ical element of the autoregulatory region is the kinase-inhibitory
segment, which binds in the active site cleft and sequesters the
kinase activation loop in an inactive conformation (Lei et al.,
2000). Pak1 activation involves the local unfolding of the autoin-
hibitory domain caused by binding of Rac/Cdc42 to a partially
overlapping region, resulting in Pak1 monomer dissociation
and displacement of the inhibitory segment. Subsequent auto-
phosphorylation events at multiple sites along Pak1 stabilize
the catalytically competent, monomeric conformation (Chong
et al., 2001; Lei et al., 2000; Parrini et al., 2002). This multistep
activation cascade may offer additional opportunities for small-
molecule binding that could selectively inhibit group | Paks.

Increasing data implicate Pak1 in tumorigenesis and metasta-
sis (reviewed in Kumar et al., 2006). Thus, inhibitors of Pak1 have
been suggested as a novel oncologic therapy (Kumar et al.,
2006; Nheu et al., 2002). Although no highly selective inhibitors
of Pak1 have been reported, several compounds originally iden-
tified for their ability to target other kinases also inhibit Pak family
members (Eswaran et al., 2007; Nheu et al., 2002; Porchia et al.,
2007). Here we report the identification and characterization of a
highly selective, non-ATP-competitive inhibitor that targets the
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Figure 1. An ATP Depletion Assay Reports
Cdc42-Dependent Pak1 Activation

(A) Recombinant Pak1 is a homodimer. The gel-
filtration elution profile of Pak1 is shown. Elution
volumes of standards are indicated. Inset: Coo-
massie-stained SDS-PAGE analysis of Pak1 and
other proteins used in the screen.

(B) Pak1 assay scheme. Pak1 is incubated with its
activator, GTPyS-charged Cdc42, and a sub-
strate, myelin basic protein (MBP), in the presence
of 10 uM ATP. Control kinase reactions (top) hy-
drolyze a substantial fraction of the starting ATP
resulting in low final ATP concentrations, whereas
inhibited reactions (bottom) do not. Residual ATP
is enzymatically converted to chemiluminescence
proportional to residual ATP.

(C) ATP hydrolysis is strictly Pak1-dependent.
Cdc42 was incubated with MBP, ATP, and the
indicated concentrations of Pak1. Residual ATP
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. o
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0.6 0.67
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levels were measured as in (B). Results are ex-
pressed as ATP hydrolyzed in arbitrary units
(normalized to the maximum ATP hydrolyzed) as
a function of Pak1 concentration. Data points
and error bars show mean and SEM of triplicate
wells. Circled point indicates Pak1 concentration
used in the screen.

(D) ATP hydrolysis by Pak1 is Cdc42-dependent.
ATP depletion was monitored in reactions as in
(C) except that the indicated concentrations of
Cdc42 were used. Circled point indicates Cdc42
concentration used in the screen.

1.3[uM

00 .25} L | LI | 00
0.001 0.01 0.1 1 0.01

Pak1 (uM)

autoregulatory mechanism of group | Paks. This work illustrates
how conformational rearrangements accompanying kinase acti-

vation can be exploited by compounds to achieve greater target

specificity, and introduces a selective reagent for Pak inhibition.

RESULTS

A Chemical Screen Identifies IPA-3

as an Inhibitor of Pak1

To identify inhibitors of Pak1 activation, we developed a high-
throughput assay measuring ATP hydrolysis as an indicator of
Pak1 catalytic activity. Recombinant, full-length Pak1 exhibited
an apparent molecular weight of ~130 kDa by gel-filtration chro-
matography (Figure 1A). SDS-PAGE analysis demonstrated the
appropriate monomer molecular weight of ~60 kDa (Figure 1A,
inset), as expected for the inactive Pak1 homodimer (Lei et al.,
2000). Pak1 was incubated with individual compounds followed
by addition of recombinant Cdc42-GTPyS (hereafter simply
Cdc42) and myelin basic protein (MBP) as substrate (Figure 1A,
inset) in the presence of 10 uM ATP (Figure 1B). Following incu-
bation, nonhydrolyzed ATP was quantified using Kinase-Glo
(Koresawa and Okabe, 2004). Titrations of both Pak1 (Figure 1C)
and Cdc42 (Figure 1D) demonstrated that ATP hydrolysis was
strictly dependent on both Pak1 and Cdc42. These results dem-
onstrate that ATP hydrolysis measured in this assay is due to
Pak1 kinase activity and confirm that the recombinant Pak1
utilized in the screen is autoinhibited yet activatable by Cdc42
as expected.

0.1 1
Cde42 (uM)

10

This assay was used to screen 33,000 structurally diverse
small molecules in duplicate. Compounds inhibiting ATP hydro-
lysis by greater than three standard deviations below the mean of
control reactions in both replicates were considered for further
analysis. Approximately 1% of the compounds tested met this
criterion. A secondary screen was then conducted on active
compounds to identify those that were potentially non-ATP com-
petitive. Individual compounds (10 puM) were incubated with
Pak1, Cdc42, and MBP in the presence of [y-*?P]ATP and were
assayed for their ability to inhibit incorporation of [*?P]phosphate
into MBP. To reduce the detection of undesired ATP-competitive
inhibitors, reactions were conducted in the presence of 1 mM un-
labeled ATP. Of the 342 compounds identified in the primary
screen, 32 compounds continued to exhibit robust inhibition at
1 mM ATP. These compounds were ranked according to their
relative potency and reproducibility of inhibition in subsequent
assays, as well as their commercial availability. The cumulative
results of these secondary assays led us to focus on one
particular compound, 2,2’-dihydroxy-1,1’-dinaphthyldisulfide
(Figure 2A; hereafter called IPA-3), that at 10 uM inhibited
Pak1 activity by 95% + 3%.

IPA-3 Is a Direct, Noncompetitive Inhibitor of Pak1

To determine the protein target of IPA-3, we performed Pak1
kinase assays in which MBP was omitted. Pak1 kinase activity
was measured by monitoring Pak1 autophosphorylation using
phospho-specific antibodies against threonine 423 within the
activation loop (Thr423; Zenke et al., 1999). IPA-3 (10 uM)
prevented Cdc42-stimulated Pak1 autophosphorylation on

17
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Figure 2. IPA-3 Is a Direct,
Competitive Inhibitor of Pak1
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Thr423 (Figure 2B, top), demonstrating that IPA-3 must target
either Cdc42 or Pak1. We next substituted Cdc42 with a distinct
Pak1 activator, the sphingolipid sphingosine (Bokoch et al.,
1998). IPA-3 also prevented sphingosine-dependent Pak1
autophosphorylation (Figure 2B, bottom panel). Together, these
assays demonstrate that Pak1 is the protein target of IPA-3.
Furthermore, the inhibition of Thr423 phosphorylation, which
is required for full activation of Pak1 (Zenke et al., 1999),
indicates that IPA-3 may inhibit a step in the Pak1 activation
process.

To confirm the chemical identity of the active compound, we
developed a novel chemical synthesis of IPA-3 (see Figure S1
in the Supplemental Data available with this article online). The
inhibitory activity of resynthesized IPA-3 was confirmed using
in vitro kinase assays (data not shown), demonstrating that
2,2'-dihydroxy-1,1’-dinaphthyldisulfide was indeed the agent
responsible for inhibition of Pak1 activity.

To determine the potency of IPA-3, kinase assays were per-
formed at a range of compound concentrations, yielding an
ICs0 for IPA-3 of 2.5 uM (Figure 2C). A number of structurally re-
lated compounds were also tested (Figure S2), yet none inhibited
Pak1 kinase activity as potently as IPA-3. A structural isomer of
IPA-3, 2-naphthalenol-6,6'-dithiobis (Figure 2A, right), termed
PIR-3.5 (Pak1 inhibitor-related 3.5), displayed no inhibitory
activity toward Pak1 (Figure 2C), and was therefore chosen as a
negative-control compound for subsequent analyses.

The ability of IPA-3 to inhibit Pak1 activity at 1 mM ATP
(Figure 2C) suggested that this compound might be noncompet-
itive with ATP. Indeed, when tested at a range of ATP concentra-
tions, the inhibitory activity of IPA-3 was not decreased by
increasing concentrations of ATP (Figure 2D). These results
clearly demonstrate that Pak1 inhibition by IPA-3 is not compet-
itive with ATP.

18

IPA-3 Does Not Target Exposed Cysteine
Residues on Pak1
Cysteine-modifying agents that form mixed disulfides with pro-
tein targets have been shown to perturb the biological activity
of proteins (Rice et al., 1995). Therefore, initial experiments to de-
termine the mechanism of Pak1 inhibition by IPA-3 focused on
the role of the disulfide bond in IPA-3 (Figure 2A). We found that
IPA-3 inhibitory activity was dramatically reduced in the presence
of >1 mM of the reducing agent dithiothreitol (DTT) (Figure 3A).
We also found that addition of DTT could relieve inhibition of
Pak1 when added after IPA-3 (Figure 3B). Thus, IPA-3 inhibition
of Pak1 could be both prevented and reversed by 1 mM DTT.
The sensitivity of IPA-3 inhibition to DTT could be a result of re-
duction of IPA-3 itself or the reduction of an IPA-3-Pak1 adduct.
We first considered the possibility that IPA-3 formed mixed disul-
fides with Pak1. Pak1 contains five cysteine residues, all of which
are found in the kinase domain. Computational analysis of crystal
structures of Pak1 kinase domain in both active (Lei et al., 2005)
and autoinhibited conformations (Lei et al., 2000) using UCSF
Chimera demonstrated that only two of those residues, Cys360
and Cys411, are surface exposed. To determine whether inhibi-
tion by IPA-3 could be a result of the formation of mixed disul-
fides with these cysteines, we mutated both residues to serine.
Like wild-type Pak1, the mutated Pak1 (Pak1-CS) exhibited
a basal level of kinase activity that was stimulated by addition
of Cdc42 (Figure 3C). Importantly, Pak1-CS was similarly in-
hibited by 10 uM IPA-3 compared to wild-type Pak1 (Figure 3C),
demonstrating that the mechanism of IPA-3 inhibition is not
through the formation of mixed disulfides with Cys360 or
Cys411. In addition, Pak1 migration in nonreducing SDS-PAGE
and size-exclusion chromatography was not affected by IPA-3,
ruling out IPA-3-mediated formation of Pak1 multimers or aggre-
gates (not shown).
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Figure 3. The Role of Disulfides in IPA-3-
Mediated Pak1 Inhibition
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To test whether IPA-3 itself was sensitive to DTT, we analyzed
a solution of IPA-3 by absorption spectroscopy in the presence
of a range of DTT concentrations. We observed a dramatic
change in the absorption spectrum of IPA-3 at >1 mM DTT
(Figure 3D). Interestingly, chemically synthesized 1-mercapto-
2-hydroxynaphthalene (IPA-3R), the expected product of the
reduction of the disulfide in IPA-3, exhibited an absorption spec-
trum indistinguishable from that of IPA-3 in the presence of 1 mM
DTT (Figure 3D). Furthermore, IPA-3R rapidly reoxidized into
IPA-3 under our buffer conditions (Figure 3D). Thus, the sensitiv-
ity of IPA-3 inhibition to DTT is likely due to direct reduction of the
IPA-3 disulfide, although we cannot formally rule out the possibil-
ity that IPA-3 forms a DTT-sensitive adduct with residues other
than surface-exposed cysteines.

IPA-3 Targets the Pak1 Activation Mechanism

Pak1 activation is a multistep process involving the relief of auto-
inhibitory interactions and autophosphorylation at key residues
(Buchwald et al., 2001; Chong et al., 2001; Zenke et al., 1999).
IPA-3 inhibition of Thr423 autophosphorylation suggests that
IPA-3 may inhibit steps in the Pak1 activation mechanism. To de-
termine the point in Pak1 activation at which IPA-3 may be act-
ing, a series of kinase assays were performed in which the order
of addition of reaction components was systematically varied.
Consistent with the results of the initial screen, when IPA-3
was added prior to Cdc42 and ATP, it significantly inhibited
Pak1 kinase activity (Figure 4A, condition A). When added to
Pak1 after incubation with Cdc42, but prior to the addition of

solution (20 puM) of the reduced form of IPA-3,
IPA-3R (1-mercapto-2-hydroxynaphthalene), was
also analyzed either immediately (thin dotted
trace) or following a 15 min incubation on the
benchtop (thick dotted trace). Data are represen-
tative of multiple experiments.

ATP, IPA-3 similarly inhibited Pak1 (Figure 4A, condition B). Fi-
nally, we tested the ability of IPA-3 to inhibit Pak1 when added
after both Cdc42 and ATP, when Pakl is preactivated
(Figure 2B, 20'). Strikingly, IPA-3 was much less effective at
inhibiting this preactivated Pak1 (Figure 4A, IPA-3, condition
C). In contrast, the ATP-competitive inhibitor staurosporine in-
hibited Pak1 kinase activity equally regardless of when it was
added (Figure 4A, Stauro). The requirement that IPA-3 be pres-
ent prior to Pak1 activation to be effective was also observed
for Pak1 activated by sphingosine (data not shown). These re-
sults demonstrate that IPA-3 is ineffective at inhibiting preacti-
vated Pak1. Moreover, the ability of IPA-3 to dramatically inhibit
Pak1 only when added prior to Pak1 autophosphorylation sug-
gests that IPA-3 inhibits a step in the Pak1 activation process.

The Conformation of Inhibitor-Bound Pak1

We hypothesized that IPA-3 might inhibit Pak1 activation by sta-
bilizing the autoinhibited Pak1 conformation. Indeed, conforma-
tional stabilization of the autoinhibitory domain of N-WASP,
which is structurally related to the autoinhibitory domain of
Pak1 (Kim et al., 2000; Lei et al., 2000), has been reported for
a small-molecule N-WASP inhibitor (Peterson et al., 2004). In ad-
dition, the symmetrical dimeric structure of IPA-3 suggests that
this compound might contact both Pak1 monomers within the
autoinhibited dimer. One important feature of the Pak1 autoinhi-
bited conformation is the folding of the activation loop (residues
408-428) into the catalytic site of the kinase (Lei et al., 2000),
thereby masking the activation loop and rendering Thr423
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Figure 4. IPA-3 Targets the Pak1 Autoregu-
latory Mechanism
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inaccessible to phosphorylation. On relief of autoinhibition,
a large conformational change in the activation loop exposes
Thr423 to phosphorylation by other Pak1 monomers as well as
other kinases (King et al., 2000; Parrini et al., 2002; Zenke
et al., 1999). Thus, accessibility of Thr423 to phosphorylation
can be used to reveal whether the activation loop is in the
“open” (active) or “closed” (inactive) conformation. We therefore
tested the ability of exogenous kinases to phosphorylate Thr423
in the presence of IPA-3. We have found that Pak5 can phos-
phorylate Thr423 of Pak1 in vitro but is itself insensitive to IPA-3
(see below). For this reason, Pak5 was chosen as the exogenous
kinase for this assay.

To ensure that at all Thr423 phosphorylation was mediated by
Pak5, we mutated the gatekeeper residue of Pak5 (methionine
523) to glycine according to the strategy pioneered by Shokat
and colleagues (Liu et al., 1998). This Pak5 ATP-binding pocket
mutant (Pak5-AM) can utilize the bulky ATP derivative N°-benzyl-
ATP (N6-ATP), whereas wild-type Pak1 cannot (Figure 4B, com-
pare lanes 3 and 5). In vitro kinase assays using N6-ATP revealed
that Pak5-AM phosphorylates Pak1 on Thr423, and that these
phosphorylation events were enhanced in the presence of sphin-
gosine (Figure 4B, lanes 5 and 6). Importantly, IPA-3 did not prevent
Pak1 phosphorylation by Pak5-AM and, indeed, promoted Thr423
phosphorylation in the absence of sphingosine (Figure 4B, com-
pare lanes 5 and 7). Thus, IPA-3 does not stabilize the native auto-
inhibited conformation of Pak1 but instead promotes a conforma-
tion of Pak1 in which Thr423 is exposed. Similar results were
obtained using 3-phosphoinositide-dependent kinase 1 (PDK1),
another Thr423-directed kinase (King et al., 2000 Figure S3A).

That Thr423 can be phosphorylated by exogenous kinases but
not by Pak1 itself in the presence of IPA-3 suggested that phos-

phorylation of this residue by exogenous kinases might over-
come Pak1 inhibition by IPA-3. To test this, we took advantage
of the observation that the gatekeeper residue mutation in
Pak5-AM renders Pak5-AM sensitive to inhibition by the ATP-
competitive inhibitor INM-PP1, whereas wild-type Pak1 kinase
activity was unaffected (Figure S3B). We first incubated Pak1
with Pak5-AM and N6-ATP in the presence of sphingosine and
either DMSO or IPA-3. Next we added 1NM-PP1, MBP, and
a mixture of ATP and [y-*2P]ATP to specifically measure Pak1
catalytic activity. Prephosphorylation of Pak1 with Pak5-AM
and N6-ATP led to a significant increase in Pak1 catalytic activity
(Figure 4C, lane 1 versus 2). However, Pak5-AM phosphorylation
of Pak1 did not overcome inhibition by IPA-3 (Figure 4C, lane 3).
Inhibition of MBP phosphorylation by IPA-3 is due to direct inhi-
bition of Pak1, as the Pak5-AM phosphorylation of Pak1 was not
affected by IPA-3 (Figure 4B, lanes 6 and 8). Together, these re-
sults demonstrate that in the presence of IPA-3, Pak1 adopts
a conformation in which Thr423 is exposed and therefore must
be distinct from the autoinhibited conformation. Nevertheless,
this conformation is catalytically inactive and cannot be reacti-
vated by phosphorylation by exogenous kinases. In addition,
these results demonstrate that a group Il Pak (Pak5) can phos-
phorylate the activation loop of a group | Pak (Pak1) in vitro,
suggesting the possibility of regulatory crosstalk between the
two Pak groups.

IPA-3 Targets Group | Paks

The Pak1 autoregulatory strategy is conserved in all group | Paks
(Paks 1-3). By contrast, the group Il Paks (Paks 4-6) do not con-
tain the inhibitory domain found in group | Paks, and are not
thought to undergo autoinhibition by the same mechanism. We
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Figure 5. IPA-3 Kinase Selectivity

(A) IPA-3 inhibits all group | Paks. Paks were incubated with 10 uM indicated
compound followed by addition of buffer or Cdc42, MBP, and a mixture of
1 mM ATP and [y-**PJATP. Kinase activity is reported as in Figure 2. n > 3.
(B) IPA-3 is not an effective inhibitor of group Il Paks. Purified Pak4 kinase do-
main or full-length Pak5 and Pak6 were tested in kinase reactions as described
in (A). n > 4.

(C) Distribution of IPA-3 inhibitory activity against recombinant kinases. Full-
length human kinases (214) were treated with 10 uM IPA-3 and subjected to
kinase assays. The histogram represents the number of kinases that displayed
the indicated mean percent inhibition compared to control reactions with-
out inhibitor in two independent experiments. Data are represented as the
mean + SEM.

therefore tested IPA-3 on all members of the Pak family. As
expected, full-length Paks 1-3 displayed basal levels of kinase
activity that were stimulated by the addition of Cdc42 (Figure 5A).
Dramatic inhibition of kinase activity in the presence 10 uM IPA-3
but not PIR-3.5 was observed for all three group | Paks, with the
strongest inhibition observed for Pak1 (Figure 5A).

We next tested the ability of IPA-3 to inhibit full-length Pak5
and Pak6 and a catalytic fragment of Pak4. Consistent with
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reports demonstrating that these kinases do not undergo auto-
inhibition or Rac/Cdc42-mediated activation (Abo et al., 1998;
Cau et al., 2001; Lee et al., 2002), the basal kinase activity of the
group Il Paks was not stimulated by Cdc42 (Figure 5B). Impor-
tantly, the kinase activity of Paks 4-6 was not dramatically
inhibited by 10 uM IPA-3 (Figure 5B, IPA-3). Taken together,
these results demonstrate that IPA-3 exhibits selectivity for the
group | versus group Il Paks.

Kinase Specificity of IPA-3

To determine the specificity of IPA-3 across a larger fraction of
the kinome, we tested the ability of this compound to inhibit 214
full-length human kinases using an assay that monitors phos-
phorylation of a peptide substrate (Invitrogen Z'-Lyte). IPA-3 (10 uM)
significantly inhibited (>50% inhibition) only 9 of the kinases
tested (4% of total) (Figure 5C; Table S1). By comparison, the
broad-spectrum kinase inhibitor staurosporine, the highly selec-
tive Ber-Abl inhibitor imatinib, and the receptor tyrosine kinase
inhibitor gefitinib inhibited (by >50%) 93%, 12%, and 21% of the
kinases tested, respectively (data not shown). Although Pak2 and
Pak3 were represented in the collection of kinases tested, they
were not significantly inhibited by IPA-3. This can be explained
by the fact that the recombinant Paks used in the Z'-Lyte assay
are preactivated and no longer responsive to Cdc42 (Figure S4).
It should be also be noted that 34 of 214 kinases were tested inthe
presence of 1 mM DTT (see Table S1), conditions sufficient to re-
duce the IPA-3 disulfide. Nevertheless, these data demonstrate
the remarkable kinase specificity of IPA-3, and further support
the notion that this inhibitor acts on the unique regulatory cycle
of group | Paks.

IPA-3 Inhibits Pak1-Mediated Signaling In Vivo
Platelet-derived growth factor (PDGF) promotes Pak activation
in fibroblasts (Beeser et al., 2005). We therefore tested the ability
of IPA-3 to inhibit PDGF-stimulated Pak activation in mouse em-
bryonic fibroblasts. Both basal and PDGF-stimulated Pak activ-
ities were impeded by 30 uM IPA-3 as assessed by in-gel kinase
assay (Figure 6, upper panel, arrows). In contrast, the activity of
an unidentified ~40 kDa kinase was unaffected (upper panel, ar-
rowhead). Western blotting of the same lysates with group I-spe-
cific Pak antibodies showed that the increase in Pak apparent
molecular weight in control PDGF-stimulated cells, likely due
to Pak autophosphorylation, was also inhibited by IPA-3 (Fig-
ure 6, Total Pak). The inhibition of Pak’s apparent molecular
weight increase by IPA-3 in cells was also observed in vitro (Fig-
ure 2B, bottom panel), supporting a common inhibitory mecha-
nism. These data show that IPA-3 can inhibit activation of group
| Paks in cells. The need for higher concentrations of IPA-3 for
Pak inhibition in cells compared to in vitro is likely due to reduc-
tion of the IPA-3 disulfide bond in the reducing cytoplasmic en-
vironment. This would be expected to be counteracted by the
large, exchangeable reservoir of IPA-3 present in the nonreduc-
ing cell-culture medium, thus maintaining a sufficient intracellular
concentration of active compound.

To assess the effect of IPA-3 on signaling components up-
stream of Pak, the same cell lysates were analyzed using phos-
pho-specific antibodies against activated forms of the PDGF re-
ceptor and Akt. IPA-3 had little effect on these signaling events
upstream of Pak. By contrast, Erk activation by PDGF, which
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Figure 6. IPA-3 Selectively Inhibits Pak1 Activation in Mammalian
Cells

Mouse embryonic fibroblasts were serum starved for 18 hr, followed by treat-
ment with 30 uM IPA-3, PIR-3.5 (right panels), or DMSO for 10 min. Cells were
stimulated with 10 ng/ml PDGF-BB for 5 min and lysed. Cell lysates were nor-
malized by protein concentration and probed with antibodies as described in
Experimental Procedures. Endogenous Pak kinase activity was observed by
in-gel kinase assay.

we and others have shown is dependent on Pak (Beeser et al.,
2005; Tang et al., 1997), was strongly inhibited by IPA-3 (Fig-
ure 6). Interestingly, IPA-3 caused a slight elevation in basal
Erk activity even in the absence of PDGF, although this effect
was cell-type-dependent (data not shown). As expected, the
control compound PIR-3.5 did not inhibit Erk activation (Figure 6,
right panels). Thus, IPA-3 specifically and selectively inhibits
signaling events mediated by group | Paks.

DISCUSSION

The work presented here describes the identification of a highly
selective inhibitor of group | Pak kinases that achieves this selec-
tivity by targeting the distinct autoregulatory mechanism con-
served in group | Paks. That IPA-3 targets this regulatory mech-
anism and not the kinase active site directly is supported by the
following findings. First, the inhibition of Pak1 is noncompetitive
with respect to ATP. Second, IPA-3 targets the group | but not
group Il Pak kinases, which share a highly conserved C-terminal
kinase domain but differ in their N-terminal regulatory sequence
elements. Third, IPA-3 inhibits activation of Pak1 by diverse
activators, but does not inhibit preactivated Pak1. Finally, IPA-3
does not prevent rearrangements of the activation loop that
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result in phosphorylation by exogenous kinases. One interpreta-
tion of these findings is that IPA-3 prevents Pak1 activation by
stabilizing an activation intermediate that is semi-open yet cata-
lytically inactive. A precise understanding of the molecular basis
of Pak1 inhibition by IPA-3, however, awaits detailed structural
studies.

A number of endogenous protein regulators of Pak1 kinase ac-
tivity have been reported that appear to target the Pak1 autore-
gulatory strategy. hPIP1 (Xia et al., 2001), CRIPak (Talukder et al.,
2006), and the tumor suppressor merlin (Kissil et al., 2003) have
all been shown independently to bind the Pak1 autoregulatory
region and inhibit kinase activity. CIB1 also binds this region
but, like Rac and Cdc42, promotes Pak1 activity rather than
inhibiting it (Leisner et al., 2005). These observations suggest
that modulation of the Pak1 autoregulatory domain may be
a physiologically relevant strategy for regulating catalytic activ-
ity. Therefore, it is conceivable that IPA-3 may bind and/or inhibit
Pak1 in a manner that mimics endogenous protein inhibitors.

As expected for an allosteric kinase inhibitor, kinase profiling
experiments revealed a high degree of kinase selectivity to
IPA-3 inhibition (Table S1). The lack of kinase domain sequence
similarity or functional overlap in IPA-3 kinase targets is not un-
expected for a compound targeting a nonconserved regulatory
mechanism. Indeed, specificity profiling of clinical kinase inhibi-
tors has shown that many selective compounds also target
seemingly unrelated kinases (Karaman et al., 2008). These ob-
servations emphasize the importance of broad kinase profiling
experiments in the characterization of kinase inhibitor selectivity.
To our knowledge, the profiling studies of IPA-3 reported here
(Table S1) describe the first chemical inhibitor of Pak1 that
achieves documented specificity comparable to that of the
clinically relevant kinase inhibitors imatinib and gefitinib.

Although IPA-3 represents a novel experimental reagent to in-
hibit Pak kinase activity, other groups have reported the use of
small molecules derived from known ATP-competitive kinase in-
hibitors to target Pak1 (Nheu et al., 2002; Porchia et al., 2007).
However, these inhibitors target a number of other kinases,
and their broader kinase selectivity has not been reported. An al-
ternative approach to inhibiting Pak kinase activity has been the
expression of recombinant fragments such as the Pak inhibitory
domain or catalytically inactive mutants of Pak1 that inhibit the
activity of endogenous Pak protein, although these may cause
unintended Pak-independent side effects (Thullberg et al.,
2007). By contrast, we show here that IPA-3 is Pak isoform se-
lective, cell permeable, and rapidly acting. As such, this com-
pound can serve as a distinct tool to elucidate Pak function in
cells and may facilitate the validation of Pak inhibitors as a thera-
peutic strategy.

The screening strategy used to identify IPA-3 relied on the use
of full-length Pak1 prepared under conditions that preserve the
native autoregulatory mechanism. This is in contrast to the dom-
inant paradigm in kinase-targeted screens of utilizing constitu-
tively active kinase or isolated kinase domains (Sebolt-Leopold
and English, 2006). These screens are biased toward inhibitors
targeting the active site and are restricted in their ability to exploit
sequence differences outside the catalytic domain. The results
presented here support the possibility that screens using full-
length kinase may provide unexpected opportunities for alloste-
ric inhibition. This strategy need not be restricted to kinases,
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however, and could be utilized for other enzymes or noncatalytic
proteins that undergo conformational regulation (Peterson and
Golemis, 2004). Indeed, for scaffolding proteins, conformational
inhibitors of this type may provide the only route to achieving
inhibition by small molecules.

SIGNIFICANCE

Lack of target specificity is a major limitation of many widely
used kinase inhibitors. This results in part from the high de-
gree of evolutionary conservation in the ATP-binding pocket
targeted by these compounds across the human kinome.
Nonconserved regulatory elements found in some kinases
may offer unique targets for more selective kinase inhibition.
Here we test this hypothesis using the p21-activated kinase
1 and report the screening for and identification of a highly
selective, cell-permeable inhibitor that targets the Pak1 au-
toregulatory mechanism. Biochemical studies suggest that
IPA-3 may trap a transient intermediate step in Pak activa-
tion, because preactivated Pak1 is insensitive to IPA-3. In
addition, IPA-3-bound Pak1 exhibits some but not all struc-
tural features of the active conformation, and is catalytically
inactive. Critically, kinase specificity profiling studies reveal
an exceptional degree of kinase selectivity by IPA-3, consis-
tent with its targeting the unique Pak1 regulatory domain.
Furthermore, cell-based experiments using IPA-3 provide
evidence that Pak promotes mitogen-activated protein
kinase activation and illustrate selective inhibition of Pak in
live cells. Thus, kinase autoregulatory mechanisms provide
an alternative target for kinase inhibition by small molecules.
The widespread use of constitutively active, recombinant
kinase forms in kinase inhibitor screening programs likely
limits the identification of compounds acting by such novel
allosteric mechanisms. Our results suggest that screening
assays that recapitulate biologically important regulatory
mechanisms may reveal additional opportunities for selec-
tive kinase inhibition.

EXPERIMENTAL PROCEDURES

Protein Purification and Characterization
The following proteins were purified as described: Cdc42-GTPyS (Peterson
et al., 2001), Pak2 (Rennefahrt et al., 2007), Pak4 and Pak5 catalytic domains
(Eswaran et al., 2007), and full-length Pak1 (Rennefahrt et al., 2007). Full-length
Pak3 (Bagrodia et al., 1995) and Pak5 (Cotteret et al., 2003) were expressed in
HEK293 cells and immunopurified (see below). Full-length Pak6 (PV3502) was
purchased from Invitrogen. MBP was purchased (Sigma) or purified from
bovine brain acetone powder (Sigma) as described (Prowse et al., 2000).
Recombinant Pak1 was characterized by analytical gel-filtration chromatog-
raphy on a calibrated Superdex 200 10/300 GL column. For the identification of
surface-exposed cysteine residues within Pak1, computational analysis
of crystal structures of Pak1 kinase domain in both active (Lei et al., 2005)
and autoinhibited conformations (Lei et al., 2000) was performed using the
MS/MS solvent accessibility module of UCSF Chimera (Pettersen et al., 2004).

Immunopurification of Pak3 and Pak5

HEK293 cells were transfected with 0.5 ng Pak3 or myc-Pak5 DNA using lipo-
some-mediated transfection (Lipofectamine 2000, Invitrogen). Forty-eight
hours posttransfection, cells were washed in ice-cold phosphate-buffered
saline (PBS) and lysed into lysis buffer (20 mM Tris [pH 7.5], 150 mM NaCl, 1
mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 10 pg/ml each of chymostatin, leupeptin, and pepstatin). Insolu-
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ble material was removed by centrifugation at 12,000 x g for 10 min at 4°C.
Lysates were incubated with protein A agarose (Pierce) and either anti-Pak3
(Cell Signaling Technology) or anti-myc (Santa Cruz Biotechnology) for at least
2 hr at 4°C. Precipitates were washed twice in lysis buffer and once in assay
buffer (50 mM HEPES [pH 7.5], 25 mM NaCl, 1.25 mM MgCl,, 1.25 mM MnCly).

Chemical Compounds

The compound library consisted of 30,000 diverse compounds, largely con-
forming to Lipinski’s rules, obtained from ChemDiv and the Challenge Set,
Mechanistic Diversity Set, Natural Products Set, and Structural Diversity Set
provided by the Developmental Therapeutic Program (DTP) of the National
Cancer Institute. Compounds were stored as 5 mM DMSO stock solutions
(except for the Mechanistic Diversity Set compounds, which were stored at
0.5 mM) at —80°C and were thawed immediately prior to use in a dessicator.
IPA-3 was resynthesized and characterized as described in the Supplemental
Experimental Procedures. PIR (Pak inhibitor-related) compounds were
provided as dry powder by the DTP.

High-Throughput Luminescence Assay for Inhibitors

of Pak1 Activation

Recombinant Pak1 (8 ul of a 50 ng/ml solution) in assay buffer was aliquotted
using a BioTek MicroFill into wells of columns 2-23 of a 384-well plate (Corn-
ing). Individual compounds were then added using disposable 384-pin poly-
propylene pin replicators (Genetix) to transfer ~20 nl from compound stock
plates. Reactions were started by the addition of a solution (7 ul per well)
containing MBP (0.32 mg/ml), GTPyS-charged Cdc42 (2.9 mg/ml), and ATP
(21 uM) in assay buffer. Final reaction composition: 450 nM Pak1, 1.3 pM
Cdc42, 0.15 mg/ml MBP, 10 uM ATP, 0.1% DMSO, and library compounds
at ~7 uM. Plates were incubated for 2 hr at 30°C. Reactions were stopped
by the addition of an equal volume of Kinase-Glo reagent (Promega) and incu-
bated for 10 min at room temperature. Chemiluminescence was measured at
555 nm (20 nm emission slit) using a Cary Eclipse fluorescence spectropho-
tometer (Varian) equipped with a microplate carrier.

Compound stock plates were organized with library compounds in columns
3-22 (20 pl of a 5 mM solution in DMSO). Column 2 contained three wells of
2 mM staurosporine as positive controls and the remaining wells of column
2 contained DMSO as negative controls. Column 23 was empty and these
wells served as a “no-addition” control. All compound plates were screened
in duplicate.

Data analysis was conducted on a plate-by-plate basis in Microsoft Excel.
Mean and standard deviation of the luminescence intensity of all wells were
calculated. Wells containing compounds that resulted in luminescence
intensities greater than three standard deviations above the mean of control
samples in both replicate plates were considered hits.

In Vitro Kinase Assays

Pak1 (571 nM final) in assay buffer was mixed with DMSO or compound for
5 min at room temperature, followed by addition of 4 uM Cdc42 and 8.3 uM
MBP for an additional 5 min. Kinase reactions were started by addition of
unlabeled ATP and 1-10 pCi [y->2P]ATP per reaction for 10 min at 30°C. Final
DMSO concentration was 1%. Kinase reactions were stopped on dry ice.
Under these conditions, MBP phosphorylation was linear with time.

Kinase assays for Figure 4 were carried out as follows. Condition A: Pak1
was incubated for 5 min at room temperature with compound followed by ad-
dition of 4 uM Cdc42 and ATP for 20 min at 30°C. Condition B: Pak1 was in-
cubated with Cdc42 for 20 min at 30°C, followed by addition of compound for
5 min. Condition C: Pak1 was incubated with Cdc42 and ATP for 20 min at
30°C, followed by addition of compound for 5 min. These incubations were
followed by addition of 8.3 uM MBP and a mixture of ATP and [y->2P]ATP
for 10 min at 30°C. Final conditions for all reactions were 1% DMSO, 1 mM
ATP, and 1-10 uCi [y->2P]ATP. Reaction products were analyzed by scintilla-
tion counting (Rennefahrt et al., 2007) or by phosphorimager analysis (Fujifilm).
Background counts from no kinase controls were subtracted from all values
(scintillation counting assays) and kinase activity was reported as phosphate
incorporation onto MBP expressed as a ratio to MBP phosphorylated in the
presence of solvent alone. Phosphorimager background values were defined
as the signal density of an area surrounding each individual phospho-MBP
band and were subtracted from the corresponding phospho-MBP band.

23

Chemistry & Biology 75, 322-331, April 2008 ©2008 Elsevier Ltd All rights reserved 329



Pak1 Autophosphorylation Assays

Recombinant Pak1 (571 nM final) in assay buffer was incubated with either
DMSO or the indicated compound in DMSO (1% DMSO final). This mixture
was incubated for 5 min at room temperature followed by the addition of either
4 pM Cdc42-GTPyS or 50 pM sphingosine (Avanti Polar Lipids) for 5 min. Ki-
nase reactions were started by the addition of 1 mM ATP. Reactions were
stopped by addition of SDS sample buffer (62.5 mM Tris [pH 6.8], 70 mM
SDS, 100 mM DTT, 10% glycerol) and boiled at 95°C for 5 min. Samples
were subjected to SDS-PAGE and western blotting analysis using phospho-
specific antibodies against the activation loop autophosphorylation site threo-
nine 423 (Cell Signaling Technology). Total Pak1 was detected with anti-Pak
antibodies (C19, Santa Cruz).

Spectral Analysis of IPA-3

IPA-3 was diluted to 20 uM in 50 mM Tris (pH 8.0) containing the indicated con-
centration of DTT. Samples were vortexed and analyzed in a Cary 50 Bio spec-
trophotometer (Varian). IPA-3 spectral traces were background subtracted
from traces of buffer containing DMSO alone (0.1%). Individual traces were
normalized to 0 absorbance units at 600 nm.

The absorption spectrum of IPA-3R was obtained by preparing a fresh 20
mM DMSO stock from powder that was immediately diluted into degassed
50 mM Tris (pH 7.5) to 20 uM (0.1% DMSO). This sample was vortexed and
the spectrum was obtained as described above either immediately or after in-
cubation for 15 min on the benchtop.

Thr423 Accessibility Assay

Pak1 (571 nM) in assay buffer was incubated with compound and Pak5-AM
(692.5 nM final), ATP or N®-benzyl-ATP (25 uM; Axxora), and 125 uM sphingo-
sine or DMSO at 30°C for 20 min. Samples were analyzed by immunoblot
analysis using antibodies against Pak1 phospho-Thr423.

For determination of Pakl1 kinase activity, samples prepared as above
received DMSO or 2 pM 1NM-PP1 (Calbiochem) (3% final DMSO), 8.3 uM
MBP, and a mixture of ATP and [y->2P]ATP (25 uM). Samples were incubated
for 10 min at 30°C. Pak1 kinase activity was determined via phosphorimager
analysis.

Dephosphorylation of Recombinant Pak2

To obtain inactive, dephosphorylated Pak2, 100 nM recombinant full-length
Pak2 was treated with 100 U A protein phosphatase (New England Biolabs)
for 30 min at 30°C in assay buffer supplemented with 3.25 uM MnCl,. Dephos-
phorylation of Pak2 was confirmed by western blot using phospho-specific
antibodies against Pak T423. Phosphatase activity was inhibited by addition
of 50 uM NaVO, and 1 mM B-glycerophosphate.

Z-Lyte Assay

The Z-Lyte assay was performed by Invitrogen. Percent inhibition was ex-
pressed as a ratio of phosphorylated product formed in the presence of 10 uM
IPA-3 compared to phosphorylated product formed in reactions containing
1% DMSO. Inhibition data reflect mean kinase inhibition from two independent
trials.

Cell Treatment with IPA-3
Mouse embryonic fibroblasts immortalized with SV40 large T antigen were
grown in DMEM + 10% serum. Cells at 60%-80% confluency were starved
for 18 hr in serum-free DMEM. Cells were pretreated with DMSO or 30 uM
compound for 10 min, followed by addition of PDGF-BB (10 ng/ml; Sigma)
for 5 min. Cells were washed in ice-cold PBS and lysed into Roberts buffer
(50 mM Tris [pH 8], 10% glycerol, 1 mM EDTA, 137 mM NaCl, 1% NP-40
plus aprotinin, 1 mM PMSF, 1 mM NaVO,). Insoluble material was removed
by centrifugation, and protein concentration was determined by BCA assay
(Pierce). Equal protein amounts were subjected to SDS-PAGE and western
blotting using anti-Pak1 (C19, Santa Cruz), anti-phospho-PDGFR (3161),
anti-phospho-Akt (9271), anti-phospho-ERK (9102) (Cell Signaling Technolo-
gies), and anti-ERK (V1141, Promega). In-gel kinase assays were performed
as described (Beeser et al., 2005) with MBP as substrate.

Additional methods can be found in the Supplemental Experimental
Procedures.
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SUPPLEMENTAL DATA

Supplemental Data include four figures, one table, Supplemental Experimental
Procedures, and Supplemental References and can be found with this article
online at http://www.chembiol.com/cgi/content/full/15/4/322/DC1/.
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Merlin loss causes benign tumours of the nervous system, mainly schwannomas and meningiomas.
Schwannomas show enhanced Racl and Cdc42 activity, the p21-activated kinase 2 (PAK2) activation and
increased ruffling and cell adhesion. PAK regulates activation of merlin. PAK has been proposed as a potential
therapeutic target in schwannomas. However where PAK stands in the Rac pathway is insufficiently
characterised. We used a novel small-molecule PAK inhibitor, IPA-3, to investigate the role of PAK activation
on Rac1/Cdc42 activity, cell spreading and adhesion in human primary schwannoma and Schwann cells. We

Keywords: R . . . . .

Schwannoma show that IPA-3 blocks activation of PAK2 at Ser192/197 that antagonises PAK's interaction with Pix.
PAK Accordingly, Pix-mediated Rac1 activation is decreased in IPA-3 treated schwannoma cells, indicating that
Merlin PAK acts upstream of Rac. We show that this Rac activation at the level of focal adhesions in schwannoma

Small GTPases

cells is essential for cell spreading and adhesion in Schwann and schwannoma cells.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Merlin is a tumour suppressor whose loss leads to the formation of
benign tumours of the nervous system, mainly schwannomas and
meningiomas that are also hallmarks of the inherited disease
neurofibromatosis type 2 (NF2). P21-activated kinase (PAK) phos-
phorylates merlin and is inhibited by merlin in a negative feedback-
loop. PAK is thus being regarded as potential therapeutic target in NF2
(Xiao et al., 2002; Kissil et al., 2003; Hirokawa et al., 2004). PAK can
crosstalk to the MEK/ERK pathway (Beeser et al., 2005) which could
affect Schwann cell proliferation, but foremost PAK is known to act as
an effector of the RhoGTPases Racl and Cdc42 and is thereby
supposed to regulate cellular processes like cell spreading, formation
of ruffles and adhesion to the extracellular matrix (Bokoch 2003; Zhao
and Manser 2005). Merlin-deficient human primary schwannoma
cells do show elevated levels of activated Rac1 that colocalises with
phospho-PAK2 at the membrane (Kaempchen et al., 2003; Flaiz et al.,
2007). Ongoing ruffling through Rac1 activation leads to decreased
intercellular adhesion in schwannoma cells (Flaiz et al., 2008) and
subsequent loss of contact inhibition of growth in fibroblasts and
keratinocytes (Lallemand et al., 2003). In addition, merlin-deficient
human schwannoma cells show elevated levels of Cdc42, over-
expression of integrin betal and numerous stable paxillin-containing
focal adhesions and increased adhesion to ECM (Utermark et al., 2003;
Flaiz et al., 2009). Activation of Rac in merlin-deficient cells (Shaw
et al., 2001; Kaempchen et al.,, 2003) has also been linked to an
inability to ensheath axons (Nakai et al., 2006). GTPase activation at

* Corresponding author. Fax: +44 1752 517 846.
E-mail address: oliver.hanemann@pms.ac.uk (C.0. Hanemann).
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the membrane is seen as one of the major properties linked to merlin
deficiency and accounts for many of the pathological processes in
merlin-deficient tumours. Despite considering PAK as a target, PAK's
position in the Rac pathway and PAK's role in cell spreading, ruffling
and adhesion in merlin-deficient tumours is yet insufficiently
characterised. Recently we found evidence for Rac activation through
the Rac/Cdc42 exchange factor Pix at the levels of focal adhesions,
thereby providing a link between the pathological adhesion and
increased Racl activation in schwannoma (Flaiz et al., 2009). PAK
interacting exchange factor (Pix) (Rosenberger and Kutsche 2006)
localises to paxillin via G-protein coupled receptor kinase-interacting
protein (GIT) in a complex with PAK (Manser et al., 1998). Using
different cell lines ten Klooster et al. (2006) provided an interesting
model in which PAK dissociates from Pix in focal adhesions after
phosphorylation through Cdc42 that itself has been activated through
integrin engagement after adhesion to the extracellular matrix (ten
Klooster et al., 2006). After phosphorylated PAK has dissociated from
Pix, Rac can be activated and translocates to the membrane. According
to this model, PAK is not only a Rac effector, but also acts upstream of
Rac, a phenomenon that was suggested before in cell lines after PAK
overexpression (Obermeier et al., 1998). Thus we hypothesise that in
merlin-deficient schwannoma cells activated PAK is leading to Rac
activation and altered adhesion.

Using the novel isoform-selective, small-molecule PAK inhibitor
[PA-3 (“inhibitor targeting PAK1 activation”) targeting the autoregu-
latory mechanism of PAK 1, 2 and 3 (Deacon et al., 2008), we show
that PAK acts downstream of Cdc42 but upstream of Rac1 in merlin-
deficient human primary schwannoma cells. PAK and the Pix-PAK-
mediated Rac activation are involved in cell spreading and adhesion
of human primary schwannoma cells. We show that PAK activity is
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also needed for normal Schwann cell spreading as suggested by
Thaxton et al., 2007 as well as for adhesion to the extracellular
matrix and development of polarity. Taken together our findings
contribute to the understanding of the mechanism of GTPase
activation in schwannoma and the role of PAK in cell spreading
and adhesion in Schwann and schwannoma cells. They demonstrate
that IPA-3 can be used to elucidate PAK functions in human primary
cells, that PAK acts upstream of Rac and is a relevant target in
schwannomas.

Materials and methods
Preparation of human primary Schwann and schwannoma cells

Schwann cells were obtained from peripheral nerves from tissue
donors not carrying any predisposition to a peripheral neuropathy.
Schwannomas were kindly provided by NF2 patients after informed
consent. Diagnosis of NF2 was based on clinical criteria defined by the
NIH Consensus Conference on Neurofibromatosis.

Isolation and culturing were carried out as previously described
(Rosenbaum et al., 1998). Briefly, cells were cultured in proliferation
medium and grown on poly-L-lysine/laminin coated 6-well plates
(Greiner bio-one, Stonehouse, UK), 8-well permanox chamber slides
(Nunc, Wiesbaden, Germany) or glass-bottom-dishes (Mattek, Ash-
land, MA, USA). At least three different schwannoma from different
patients or Schwann cells from three different donors were used in
each experiment. Every experiment was carried out between the
second and the fourth passage, when proliferation rates are best and
the number of fibroblasts is negligible (less than 2%, routinely checked
by S-100 staining).

Cell viability assay

The effect of [PA-3 and PIR-3.5 on schwannoma cell's viability was
assessed with a cell titer 96© aqueous non-radioactive cell prolifera-
tion assay (MTS test from Promega).

Human primary schwannoma cells were grown on 96 well plates
for 2 days. Cells were left untreated or treated with 5 pM IPA-3, 20 uM
[PA-3 or 20 uM PIR-3.5 for 24 h. The MTS-solution was left on the cells
for 3 h, before the absorbance at 490 nm was measured. The
experiments were conducted three times and mean and standard
error of the mean was calculated with Excel.

Western blot analysis

Schwannoma cells were grown until subconfluent and serum
starved overnight. Cells were left untreated or pre-incubated with
2 uM, 5 uM or 20 puM IPA-3 (“inhibitor targeting PAK1 activation” 2,2'-
dihydroxy-1.1’-dinaphthylsulfide) or 20 uM of the control substance
PIR-3.5 (“PAK1 inhibitor relative 3.5” 2-naphthalenol-6,6’-dithiobis)
for 10 min, before stimulation with 10% FCS (PAA, Pasching, Austria),
0.5 uM forskolin (Sigma-Aldrich, St. Louis, USA), 10 nM PB1-
heregulini44_244, (Mark Sliwkowski, Genentech, San Francisco, USA),
0.5 mM 3-isobutyl-1-methylxanthin and 2.5 pg/ml insulin (both from
Sigma-Aldrich) for 5 min. Cells were lysed as previously described
(Utermark et al., 2005a). Equal amounts of total cell lysates were
separated by SDS-PAGE on a 12% polyacrylamide gel. Blocking was
done in TBS-T containing 5% milk, 2% BSA. Membranes were then
incubated with anti-phospho-PAK1/2 (PAK1 serines, 198/203; PAK2
serines, 192/197, 1:500, Cell Signaling Technology, Davis MA, USA)
followed by incubation with appropriate HRP-conjugated secondary
antibodies (Biorad Laboratories, Hercules, USA). As actin and tubulin
are differentially regulated in our system (cDNA array, data not
shown), we use RhoGDI (anti-RhoGDI, 1:500, Santa Cruz, CA, USA)
that is not regulated in our system (Hanemann et al., 2006) as a
loading control. ECL (Amersham, Buckinghamshire, UK) was used for

detection. Optical density measurements were performed, after
correction of background levels, with a Biorad FluorS Multi Imager,
using the Quantity One software (Bio-Rad Laboratories). Experiments
were carried out at least three times, using different patient material.
Protein levels of IPA-3 or PIR-3.5 treated cells were normalised to
levels of untreated schwannoma cells to allow comparison of blots.
Mean and standard error of the mean were calculated with Excel.
Two-tailed student's t-test was performed to find out whether the
detected difference is significant.

Rac G-protein linked immunosorbent assay (GLISA)

To measure the effect of IPA-3 or PIR-3.5 on Rac activation, human
primary schwannoma and for comparison untreated Schwann cells
were cultured in Poly-L-lysin/laminin coated 6 well plates until 70%
confluent. Cells were serum starved over night. Schwannoma cells
were either left untreated or pre-incubated with 20 pM PIR-3.5 or
2 pM, 5 M or 20 pM IPA-3 for 10 min. Cells were then stimulated with
10% FCS (PAA), 0.5 pM forskolin (Sigma-Aldrich), 10 nM B1-
heregulini44_244 (Genentech), 0.5 mM 3-isobutyl-1-methylxanthin
(IBMX, Sigma-Aldrich) and 2.5 pg/ml insulin (Sigma-Aldrich) for
5 min. Rac1-GTP was detected using the GLISA Rac1 activation assay
biochem Kit™ (absorbance based) from cytoskeleton (cytoskeleton,
Denver, USA) using the aforementioned procedure. Briefly, cells were
lysed according to the manufacturer's protocol and lysates incubated
on 96-well plates that contain a Rac-GTP-binding protein. Bound Rac-
GTP is detected with a Rac specific primary antibody and a HRP-
conjugated secondary antibody. Appropriate controls were carried out
(positive control: Rac control protein, negative control: lysis buffer
alone). Levels of Rac1-GTP in IPA-3 or PIR-3.5 treated human primary
schwannoma cells from 3 different patients were normalised to the
corresponding untreated cells. Mean and standard error of the mean
was calculated with Excel and the two-tailed student's t-test was
performed to find out whether the detected differences were
significant.

Cdc42 activation assay

Serum starved schwannoma cells were left untreated or pre-
treated with 20 uM IPA-3 for 30 min, before stimulating as described
above. Cdc42 assay was performed as described (Flaiz et al., 2007).
Briefly Cells were lysed and probes were placed on Swell Gel
Immobilized Glutathione Disc and 20 pg of GST-PAK1-PBD were
added. As controls cell lysates, obtained from a mesothelioma cell
line, were incubated with 0.1 mM GTPyS (positive control) or 1 mM
GDP (negative control). A small portion of Schwann and schwan-
noma cell lysate was removed prior to the pull-down procedure to
analyse total Cdc42 levels. Samples, controls and untreated cell
lysates were then separated by 12% SDS-PAGE, blotted and blocked
with TBS-T containing 2% BSA, 5% milk, incubated with anti-Cdc42 as
described (Flaiz et al., 2007). Optical density measurements were
performed, as described above. All experiments were carried out at
least three times, using different patient material. Protein levels of
[PA-3 treated cells were normalised to the levels of untreated
schwannoma cells to allow comparison of blots. Mean and standard
error of the mean were calculated with Excel and the two-tailed
student's t-test was performed to find out whether the detected
differences are significant.

Ruffling/cell spreading assay, immunocytochemistry

Schwann and schwannoma cells were serum starved overnight
prior to trypsination. Trypsination was stopped in 10 ml DMEM
(Gibco), containing 2.5 mg soy bean trypsine inhibitor (Sigma-
Aldrich) and 1% BSA (PAA). Cells were centrifuged, the pellet
resuspended in DMEM and left untreated or treated with IPA-3 or
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Fig. 1. Effect of IPA-3 and PIR-3.5 on cell viability and on PAK phosphorylation at Ser199/
204/Ser192197 in human primary schwannoma cells. (A) Human primary schwannoma
cells were left untreated (without) or treated with 5 uM IPA-3, 20 pM or 20 uM PIR-3.5
for 24 h. MTS-assays revealed that 5 uM IPA-3 and 20 pM PIR-3.5 had no effect on
schwannoma cell's viability. Even a treatment with 20 pM IPA-3 for 24 h, reduced
schwannoma cell's viability by only 7.6%. Viable schwannoma cells were measured
using a non-radioactive cell proliferation assay (MTS-assay). Bars represent mean of the
percentage of viable cells normalised to cells without treatment (n=3). Scale bars
represent standard error of the mean. (B) Western Blot analysis revealed that 20 uM
IPA-3 clearly reduces PAK2 phosphorylation at Ser192/197 in human primary
schwannoma cells. The ineffective control substance PIR-3.5 only mildly affects PAK
phosphorylation. RhoGD], that is not regulated in schwannoma cells, served to control
equal loading on each filter. (C) Optical density measurements, normalised to phospho-
PAK2 Ser192/194 levels in untreated cells, are depicted as bars. Scale bars represent
standard error of the mean (SEM). 20 uM IPA-3 reduced PAK2 phosphorylation at
Ser192/194 to 40% of phospho-PAK2 levels of untreated schwannoma cells (*: sig-
nificant; p<0.05 in student's t-test), whereas 2 uM and 5 pM [PA-3, as well as 20 pM PIR-
3.5 did not significantly alter phospho-PAK2 Ser192/194 levels. Phospho-PAK2 localises
to the membrane of untreated human primary schwannoma cells (NF2—/—).

PIR-3.5 as above. After stimulation with 10% FCS (PAA) 0.5 pM
forskolin (Sigma-Aldrich), 10 nM PR1-hereguliniss-»44 (Genentech),
0.5 mM 3-isobutyl-1-methylxanthin and 2.5 pg/ml insulin (both from
Sigma-Aldrich), equal cell numbers were seeded into poly-L-lysine/
laminin coated, flexiperm containing lumox dishes (Greiner). Cells
were allowed to spread for 30 min. For washout experiments,
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inhibitor-containing medium was changed to inhibitor-free one and
cells were allowed to spread for another 30 min. Cells were fixed in 4%
paraformaldehyde, permeabilised with 1% Triton X-100 and blocked
with 10% normal goat serum and incubated anti-p34-Arc (1:100
upstate Biotechnology). Appropriate Cy3 or Alexa Fluor 633-labelled
secondary antibodies were used. Alexa Fluor 488-labelled phalloidin
was used to visualise filamentous actin (1:100 Molecular Probes). To
investigate cell's ability to spread cells were imaged with a 20x
objective under a Zeiss510meta confocal microscope. Spread and
unspread cells were counted manually. In addition cell spreading
areas of 50 cells per condition were measured using the volocity
software. Cell spreading areas of IPA-3 and PIR-3.5 treated cells were
normalised to the cell spreading areas of corresponding untreated
schwannoma cells. Representative images of each condition were
taken with a 63x objective and are shown in galleries of three
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Fig. 2. IPA-3 effect on GTPase activation in human primary schwannoma cells. (A)
Blocking of PAK activation with 5 uM and 20 puM IPA-3 reduced levels of Rac-GTP to
about 50% (5 pM IPA-3) and 20% (20 puM IPA-3) of Rac-GTP levels of untreated cells
(*: significantly for 5 uM IPA-3, p<0.05 and **: highly significantly for 20 pM IPA-3,
p<0.01in student's t-test) in schwannoma cells. 2 pM IPA-3 and 20 uM of the control
substance PIR-3.5 did not significantly alter Rac-GTP levels. Rac-GTP levels were
determined using GLISA assays. Scale bar represent standard error of the mean (B)
Western blot analysis for Cdc42 showed slightly increased Cdc42-GTP levels (after pull-
down assay with the PAK-binding domain PBD) after 20 uM IPA-3 treatment (not
significant in student's t-test, scale bars represent standard error of the mean). Total
Cdc42 levels were measured to confirm equal Cdc42 expression. Positive control (ctrl+)
and negative control (ctrl—): cell lysate from a mesothelioma cell line treated with
GTPyS or GDP, respectively.
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different cells. In addition, z-stacks from the confocal laser scanning
microscope were exported to a workstation and used to create 3D
animations of Schwann and schwannoma cells using the volocity
software according to software manual. Schwann and schwannoma
cells from 3 different patients/donors were analysed. Mean and
standard error of the mean of cell spreading areas were calculated
with Excel and the two-tailed student's t-test was performed to find
out whether the detected differences are significant.

Adhesion assay

Schwann and schwannoma cells were serum starved overnight
prior to trypsination. Trypsination was stopped as described above.
Cells were centrifuged, the pellet resuspended in DMEM and left
untreated or treated as above with IPA-3 or PIR-3.5 After stimulation
as described, quintuples of equal cell numbers per condition were
seeded into poly-L-lysine/laminin treated 24 well plates. After 3 h
incubation at 37 °C, cells were rinsed twice with PBS to wash away
loose cells. Adherent cells were fixed in 4% paraformaldehyde (Sigma-
Aldrich) and subsequently counted under an Olympus phase contrast
microscope. Number of adherent schwannoma cells under 2 uM, 5 pM
or 20 uM IPA-3 or 20 pM PIR-3.5 were normalised to number of
corresponding untreated schwannoma cells. Schwann and schwan-
noma cells from 3 different patients/donors were analysed. Mean and
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standard error of the mean were calculated with Excel and the two-
tailed student's t-test was performed.

Results
IPA-3 reduces PAK2 phosphorylation at Ser192/197

To test if the novel Group I PAK inhibitor IPA-3 is effective in human
primary schwannoma cells, we first analysed if it affected cell viability.
Neither IPA-3 nor the control substance PIR-3.5 with concentrations
up to 20 puM affected cell viability, as a cell viability assay (MTS test)
revealed (Fig. 1A). IPA-3 has been shown to inhibit PAK autopho-
sphorylation in vitro (Deacon et al., 2008) and Ser199/204 (PAK1)/
Ser192/197 (PAK2) phosphorylation antagonises the Pix-PAK-inter-
action (Zhao and Manser 2005). The release of PAK from Pix is likely
crucial for facilitating activation of Racl (ten Klooster et al., 2006).
20 uM of IPA-3 clearly reduced PAK2 phosphorylation (the major
phosphorylated PAK isoform in human Schwann cells (Flaiz et al.,
2007)) at Ser192/197 in human primary schwannoma cells, whereas
20 uM of the structurally related control compound PIR-3.5 (using the
same highly diluted carrier) had only a mild effect on PAK
phosphorylation (Fig. 1B, C). 2 uM and 5 pM IPA-3 only slightly
decreased PAK2 phosphorylation. No band for phospho-PAK1
(Ser199/204) was detected. These findings show that IPA-3 efficiently
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Fig. 3. IPA-3 effect on cell spreading in human primary schwannoma cells (NF2—/—). Schwannoma cells that were allowed to spread for 30 min in the absence or presence of the PAK
inhibitor IPA-3 or the control substance PIR-3.5 on poly-L-lysine/laminin coated dishes were stained for the Arp2/3 complex (red) a marker for lamellipodia and ruffles and F-actin
(green) to visualise cell morphology. The picture gallery shows three representative cells (A). The number of spreaded cells (B) and cell spreading area (C) were determined and
normalised to values of untreated schwannoma cells. Cell spreading is reduced in the presence of IPA-3 in a dose-dependent manner. [PA-3 also reduced but not abolished cell ruffling
in schwannoma cells. The control substance PIR-3.5 did not significantly alter cell spreading or ruffling (scale bars represent standard error of the mean; *: p<0.05 significant,
**: p<0.01 highly significant, ***: p<0.001 very highly significant, n.s.: not significant in student's t-test).
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blocks phosphorylation of PAK2 at Ser192/197 in human schwan-
noma cells.

IPA-3 reduces Rac1 but not Cdc42 activation

Previous results have already shown that at least part of the Rac
activation in human schwannoma occurs through beta-Pix that
localises to focal adhesions (Flaiz et al., 2009). PAK and Rac compete
for binding to beta-Pix and PAK activation and subsequent dissocia-
tion from focal adhesions after phosphorylation could allow Rac to
bind to beta-Pix (ten Klooster et al., 2006). Since IPA-3 reduced PAK2
autophosphorylation at Ser192/197, PAK should stay associated with
beta-Pix and therefore prevent beta-Pix induced Rac activation. GLISA
analysis showed clearly reduced Rac-GTP levels after incubation with
5 uM and 20 uM of the PAK inhibitor in a dose-dependent manner in
human primary schwannoma cells supporting this hypothesis (Fig. 2A).
2 UM IPA-3 does not have a significant effect on Racl activation. The
control compound PIR-3.5, used at a high concentration (20 pM), had
only a mild effect on Rac activation. Whereas PAK activity clearly
influences the activation of Rac, Cdc42 is reported to act upstream of PAK
by promoting its autophosphorylation and activation (Manser et al.,
1994). If this is true in human schwannoma cells, blocking of PAK
activation by IPA-3 should not affect levels of Cdc42-GTP. Pull-down
analysis showed that incubation with 20 pM IPA-3 that clearly reduced
Rac-GTP levels, did not significantly alter Cdc42-GTP levels (Fig. 2B).
Collectively these data suggest that PAK is downstream of Cdc42, but
upstream of Rac in human schwannoma cells.

IPA-3 reduces cell spreading in human primary Schwann and
schwannoma cells

Schwannoma cells characteristically display increased cell spread-
ing and intense ruffling (Pelton et al., 1998; Rosenbaum et al., 1998;
Utermark et al., 2005b), that have been linked to Rac1 activation. The
commercially available Rac1 inhibitor NSC23766 that blocks Racl
activation through its guanine exchange factors Tiam and Vav,
efficiently blocked ruffling, but did not affect cell spreading in
schwannoma cells (Nakai et al., 2006). We therefore determined if
inhibiting the PAK-PIX-mediated Rac and PAK activation with IPA-3
would affect cell spreading and ruffling in human primary schwan-
noma cells. Schwannoma cells were left untreated or treated with
2 uM, 5 uM or 20 pM IPA-3 or with 20 pM PIR-3.5 for 10 min prior to
seeding on poly-L-lysine/laminin coated dishes where they were
allowed to spread for 30 min. In order to visualise cell borders, ruffles
and the cell body, we stained the cells with p34-Arc, a subunit of the
Arp2/3 complex that is enriched in lamellipodia and schwannoma cell
periphery (Flaiz et al., 2007) and F-actin. Morphological analysis
revealed that untreated schwannoma cells were well spread after
30 min (Fig. 3A). Increasing amounts of IPA-3 reduced numbers of
spread cells in a dose-dependent manner (Figs. 3A, B). This was
further verified when cell spreading areas were quantitatively
measured using the volocity software (Fig. 3C). The control substance
PIR-3.5 (20 uM) had no effect on cell spreading. If the inhibitor was
removed through media changing after 30 min (“washout”) and cells
were allowed to spread for another 30 min, morphology of cells
resembled untreated schwannoma cells (Fig. 4A). Washout of 5 pM
IPA-3 restored cell spreading area completely and washout of 20 pM
IPA-3 at least partly (Fig. 4B). These findings indicate that the effects of
IPA-3 are reversible.

To visualise cell spreading and ruffling of the whole cell more
clearly we created 3D animations of schwannoma cells in the presence
or absence of 5 UM or 20 uM IPA-3. Untreated schwannoma cells show
intense ruffling all around the cell periphery (Supplementary Fig. 1).
As already analysed by other methods, the 3D animation of
schwannoma cells treated with IPA-3 clearly showed disturbed cell
spreading in a dose-dependent manner, with more rounded cells at
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higher inhibitor concentrations (Supplementary Figs. 2 and 3).
Ruffling seems to be reduced but not abolished in inhibitor treated
cells, compared to untreated cells. In summary we claim that PAK
and/or the Pix-PAK-mediated Racl activation is involved in cell
spreading, but seems not to abolish ruffling in human primary
schwannoma cells.

To investigate if IPA-3 also affects normal cell spreading in healthy
human primary Schwann cells we investigated this cellular process,
using the same experiments as described above. Untreated Schwann
cells that were allowed to spread for 30 min on poly-L-lysine/laminin
already displayed the characteristic bipolarity, with protrusive areas at
either end (Fig. 5A). Ruffling could not been observed in the untreated
Schwann cells in accordance with previous data (Supplementary Fig.
4). Treatment with different concentrations of IPA-3 (2 uM, 5 uM and
20 uM) reduced the number of spreaded cells and cell spreading area
(Figs. 5B, C). Schwann cells show ruffling around the cell periphery in
the presence of 5 uM IPA-3 (Fig. 5A and Supplementary Figs. 5 and 6).
This ruffling after the loss of spreading area is not as intense as in
untreated schwannoma cells and could not be observed with higher
concentrations of IPA-3 (20 uM). According to these results, PAK
activity seems to play a role in Schwann cell spreading.

A 20uM IPA-3 5uM IPA-3 without

washout

w
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relative cell spreading area NF2-/-

0.2 4

without 5uM S5uM 20pM

20uM
IPA-3 IPA-3 IPA-3 IPA-3

washout washout

Fig. 4. Washout of IPA-3 in cell spreading experiments in human primary schwannoma
cells (NF2—/—). Schwannoma cells that were allowed to spread for 30 min in the
absence or presence of the PAK inhibitor IPA-3 or the control substance PIR-3.5 on poly-
L-lysine/laminin coated dishes were stained for the Arp2/3 complex (red) a marker for
lamellipodia and ruffles and F-actin (green) to visualise cell morphology. IPA-3 was
washed out after 30 min by changing inhibitor-containing media to inhibitor-free
media. Cells were allowed to spread for another 30 min. Washout restored normal
schwannoma cell morphology (A). Washout of 5 uM IPA-3 leads to the same cell
spreading area compared to untreated cells and washout of 20 pM IPA-3 to an only
slightly reduced cell spreading area that was clearly higher than in cells where inhibitor
was left on (B).
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Fig. 5. IPA-3 effect on cell spreading in human primary Schwann cells (NF2+/+). Schwann cells that were allowed to spread for 30 min in the absence or presence of the PAK
inhibitor IPA-3 on poly-L-lysine/laminin coated dishes were stained for the Arp2/3 complex (red) a marker for lamellipodia and ruffles and F-actin (green) to visualise cell
morphology. The picture gallery shows three representative cells (A). Number of spreaded cells (B) and cell spreading area (C) were determined and normalised to values of
untreated Schwann cells. Cell spreading is reduced in the presence of IPA-3 in a dose-dependent manner. Schwann cells treated with 2 pM and 5 uM IPA-3 showed mild ruffling (scale
bars represent standard error of the mean; *: p<0.05 significant, **: p<0.01 highly significant, n.s.: not significant in student's t-test).

IPA-3 reduces cell adhesion in Schwann and schwannoma cells

The fact that IPA-3 clearly affects cell spreading suggests that PAK
and/or Pix-PAK-mediated Rac activation are involved in the schwan-
noma cells' ability to adhere to the extracellular matrix. We therefore
conducted an adhesion assay in which Schwann and schwannoma
cells were left untreated or treated with 2 M, 5 pM, 20 uM IPA-3 or
20 uM of the control substance PIR-3.5 prior to seeding to poly-L-
lysine/laminin coated dishes for 3 h. Loose cells were washed away
and adherent cells manually counted. IPA-3 treatment significantly
reduced the number of adherent Schwann and schwannoma cells in a
dose-dependent manner, whereas PIR-3.5 had no marked effect (Figs.
6A, B). We conclude that PAK activation has a clear effect on adhesion
to the extracellular matrix in both human primary Schwann and
schwannoma cells.

Discussion

In this study we investigated the role of PAK (p21-activated kinase)
in human schwannoma cells to unravel its role on Rac activation and
on cell spreading, ruffling and adhesion using the novel small-
molecule Pak inhibitor IPA-3. Activation of the GTPase Rac at least
partly occurs through beta-Pix at the levels of focal adhesions as our
previous work showed (Flaiz et al., 2009). PAK (Bokoch 2003; Zhao
and Manser 2005) localises to focal adhesions (Manser et al., 1998),
where it competes with Rac for binding to beta-Pix (ten Klooster et al.,
2006). According to this model (ten Klooster et al., 2006) phosphor-
ylation of PAK induces a dissociation of PAK from beta-Pix which

subsequently allows activation of Rac. To investigate the role of PAK in
the Pix-mediated Racl activation (Flaiz et al., 2009) we used the
inhibitor IPA-3 (Deacon et al., 2008) which blocks PAK autopho-
sphorylation at Ser199/204(PAK1)/Ser192/197(PAK2). As IPA-3 is
ineffective in inhibiting pre-activated PAK, we starved our cells and
pre-incubated them with IPA-3 prior to stimulation, in all
experiments.

We first investigated PAKs role in Rac activation. IPA-3 effectively
inhibits phosphorylation of PAK2 at Ser192/197 that is known to
induce a dissociation of PAK from beta-Pix (Zhao and Manser 2005;
ten Klooster et al., 2006). Phospho-PAK1 Ser199/204 is at much lower
amounts in schwannoma cells in accordance with previous studies
(data not shown, Flaiz et al., 2007). Previous studies have shown that
beta-Pix localises to focal adhesions, whereas phospho-PAK can be
found all around the membrane in schwannoma cells (Flaiz et al.,
2007; Flaiz et al., 2009). Inhibition of PAK2 by IPA-3 as shown here
suggests that phospho-PAK stays associated with beta-Pix. Due to
antibody incompatibility co-localisations are not possible and we
were unable to get a quantitative immunoprecipitation. However we
showed that phospho-PAK can no longer be found at the membrane.
In addition, this stable interaction of beta-Pix with PAK would then
block beta-Pix, thereby preventing an activation of Rac and accord-
ingly, Rac-GTP levels would decrease after IPA-3 treatment. Indeed,
IPA-3 treatment of human primary schwannoma cells reduced Rac-
GTP levels in a dose-dependent manner. Rac inhibition was already
significant at 5 um where PAK inhibition was not yet significant. This
could be explained by the sensitivity of the assays and the PAK
antibodies known to be of low affinity. Another explanation could be

32



Chernoff, Jonathan

C. Flaiz et al. / Experimental Neurology 218 (2009) 137-144 143

that PAK1 although expressed at very low levels in schwannomas is
inhibited by IPA-3 efficiently and results in Rac inhibition as IPA-3
inhibits PAK1 even stronger than PAK2 (Deacon et al., 2008). However
this is an important finding, since it puts PAK upstream of Rac in
human schwannomas. Even when treated with higher amounts of
IPA-3 (20 uM), a small amount of activated Rac-GTP (around 20% of
the Rac-GTP levels in untreated schwannoma cells) remains. This
could be because part of the Rac activation occurs through other
guanine exchange factors like Tiam and Vav. The major part of the
pathological Rac activation in schwannoma, however, occurs through
Pix and seems to be regulated by PAK.

To test if PAK acts also upstream of Cdc42, which is pathologically
activated in schwannoma cells as well (Flaiz et al, 2007), we
investigated Cdc42-GTP levels in schwannoma after IPA-3 treatment.
Even a high concentration (20 uM) of IPA-3 that significantly reduced
Rac-GTP levels did not significantly inhibit Cdc42 activation. Rather a
slight increase in Cdc42-GTP levels after IPA-3 treatment can be
observed occasionally. One possible explanation for this slight
increase which can also be seen in a different experiment in
schwannoma cells (Ammoun et al., 2008) could be the phenomenon
of hormesis (Calabrese 2008). Thus Cdc42 is unlikely to act down-
stream of PAK in schwannoma cells. This is supported by findings
showing that merlin phosphorylation in Schwann cells is regulated by
Cdc42 (but not Rac) that is induced by activation of PAK downstream
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Fig. 6. IPA-3 effect on adhesion in human primary Schwann (NF2+/+) and
schwannoma cells (NF2—/—). Human primary Schwann (NF2+/+) and schwannoma
cells (NF2—/—) were allowed to adhere to poly-L-lysine/laminin coated dishes for 3 h
in the absence or presence of the PAK inhibitor IPA-3 or the control substance PIR-3.5.
IPA-3 reduced the number of adherent Schwann (A) and schwannoma cells (B) in a
dose-dependent manner. PIR-3.5 did not affect adhesion to the extracellular matrix.
(Scale bars represent standard error of the mean; *: p<0.05 significant, **: p<0.01
highly significant, ***: p<0.001 very highly significant, n.s.: not significant in student's
t-test).
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of integrins (Thaxton et al., 2007; Thaxton et al., 2008).Taken together
we suggest that the model for Rac activation (ten Klooster et al., 2006)
in fibroblasts could be true and relevant in human schwannoma cells.
Integrin engagement would activate Cdc42 leading to PAK autopho-
sphorylation in schwannoma. This is supported by previous findings
(Flaiz et al., 2007; Kaempchen et al., 2003; Nakai et al., 2006).
Phospho-PAK dissociates from beta-Pix at focal adhesions and
localises to the membrane (Flaiz et al.,, 2007). Rac is subsequently
activated by beta-Pix and also localises to the membrane (Kaempchen
et al., 2003; Nakai et al., 2006). This study puts PAK upstream of Rac
and reveals that Rac activation in schwannoma at least partially occurs
through Pix and PAK. Recently our group has shown that PDGFRB-
mediated ERK1/2 activation is involved in schwannoma cell pro-
liferation. We showed that PAK acts as a scaffold and is not an Erk1/2
activator in human schwannoma cells and IPA-3 does not inhibit ERK
activation (Ammoun et al., 2008). As it is therefore unlikely that PAK is
involved in schwannoma cell proliferation and as schwannomas are
benign tumours with only slightly increased proliferation rates, we
focused on PAK's role in schwannoma cell spreading and adhesion,
which are major pathological characteristics of schwannoma.

To investigate cellular consequences of PAK activation and the Pix-
PAK-mediated Rac activation in schwannoma we used cell spreading/
ruffling and adhesion assays. Characteristically schwannoma cells
show increased cell spreading (Pelton et al., 1998; Utermark et al.,
2005b; Flaiz et al., 2007) a process that is controlled by Rac (Ridley
and Hall 1992) and increased integrin-dependent adhesion to the
extracellular matrix (Utermark et al., 2003). We therefore first
conducted cell spreading/ruffling assays and adhesion assays that
have been described before (Utermark et al., 2003; Nakai et al., 2006).
IPA-3 efficiently blocks cell spreading and adhesion on poly-L-lysine/
laminin. This implicates Pix-PAK-mediated Rac activation and there-
fore PAK activity in general to be involved in cell spreading and
adhesion in schwannoma cells. Washout experiments restored the
normal schwannoma phenotype and indicate that IPA-3 effects are
reversible. As a control, cell spreading and adhesion assays were also
conducted in healthy Schwann cells that display normal Rac activity
(Kaempchen et al., 2003). Cell spreading and adhesion are also
markedly reduced in Schwann cells when treated with IPA-3. This is
not surprising as a certain amount of Rac activation can be detected in
human Schwann cells (Kaempchen et al., 2003). This Rac activity is
important for axonal myelination (Benninger et al., 2007) and occurs
in an integrin-dependent fashion after adhesion to the extracellular
matrix (Nodari et al.,, 2007). The Rac inhibitor NSC23766 did not
inhibit cell spreading clearly (Nakai et al., 2006). This can be explained
by the fact that NSC23766 binds Rac and inhibits its activation by a
subset of guanine exchange factors (GEFs). In contrast, IPA-3 directly
targets PAK, preventing its autophosphorylation and thereby seques-
tering the GEF Pix from Rac. Both, PAK and beta-Pix localise to focal
adhesions (Manser et al., 1998; Rosenberger and Kutsche 2006) and
are therefore involved in cell spreading and adhesion. NSC23766
effectively suppresses membrane ruffling, whereas IPA-3 reduces but
not completely abolishes this process in schwannoma cells. In the
presence of 5 pM IPA-3, detaching Schwann cells display ruffling.
Ruffles can be seen as lamellipodia that lost the ability to adhere to the
extracellular matrix (Small et al., 2002). As IPA-3 reduces the cell's
adhesion potential, ruffles could evolve as a secondary effect.
Interpreting IPA-3's influences on ruffling in Schwann and schwan-
noma cells is therefore difficult. Our results suggest that at least part of
the Rac activation in Schwann cells occurs through beta-Pix and PAK
at focal contacts. This findings fit nicely to previous reports in
Schwann cells, showing that merlin phosphorylation and therefore
inactivation occurs at paxillin-containing membrane domains (which
we showed before to be the small and short-living focal complexes in
Schwann cells) through PAK that has been activated by Cdc42
(Thaxton et al., 2007). This means that a locally restricted merlin
inactivation and subsequent Rac activation occurs at the levels of focal
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complexes in Schwann cells. Focal contacts are short-lived in Schwann
cells, thereby guaranteeing that Rac activation stays within normal
limits. In schwannoma cells, however, focal contacts are very stable
and long-lived (Flaiz et al., 2009) leading to a constantly increased
Pix-PAK-mediated Rac activation susceptible to inhibition with [PA-3.
Thus PAK seems to be a reasonable target in schwannomas.

On a side line we showed that IPA-3 is an easy-to-use, efficient PAK
inhibitor that can be used even in delicate primary cells to investigate
cellular processes. Moreover, our human schwannoma in vitro model
has been proven to be a good model system to investigate PAK effects.
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Abstract

NF2 is an autosomal dominant disease characterized by development of bilateral
vestibular schwannomas and other benign tumors in central nervous system. Loss of
the NF2 gene product, Merlin, leads to aberrant Schwann cell proliferation, motility, and
survival, but the mechanisms by which this tumor suppressor functions remain unclear.
One well-defined target of Merlin is the group | family of p21-activated kinases, which
are allosterically inhibited by Merlin and which, when activated, stimulate cell cycle
progression, motility, and increased survival. Here, we examine the effect of Pak
inhibition on NF2 function. Using a specific peptide inhibitor of group | Paks, we show
that loss of Pak activity restores normal cell movement and reduces cell proliferation to
cells lacking Merlin function. In addition, xenografts of such cells form fewer and smaller
tumors than do cells without Pak inhibition. However, in cells or tumors, loss of Pak
activity does not reduce Erk or Akt activity, two signaling proteins that are thought to
mediate Pak function in growth factor pathways. These results suggest that Pak
functions in novel signaling pathways in NF2, and may serve as a useful therapeutic
target in this disease.

Abbreviations

Blue Box, BB; extracellular-signal regulated kinase, Erk; Ezrin-Radixin-Moesin, ERM,;
Four-point one, Ezrin, Radixin, and Moesin, FERM; glutathione-S-transferase, green
fluorescent protein, GFP; GST; L107F, LF; mitogen activated protein kinases, MAPKs;
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, MTT; Neurofibromatosis
type 2, NF2; p2l-activated kinase, Pak; phosphate-buffered saline, PBS; Pak inhibitor

domain, PID.
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Introduction

Neurofibromatosis type 2 (NF2) is an autosomal dominant disorder characterized
by the development of bilateral vestibular schwannomas and other benign tumors in
central nervous system (1, 2). While several mitogenic pathways are known to be
upregulated in NF2-mutant cells, despite considerable effort, there is as yet no
consensus as to how loss of the NF2 tumor suppressor gene leads to schwannoma

growth, nor are there effective medical therapies for this disorder.

The protein encoded by the NF2 gene, Merlin, exhibits significant homology to
Ezrin-Radixin-Moesin (ERM) proteins, sharing a FERM (Four-point one, Ezrin, Radixin,
and Moesin) domain at the N-terminus followed by an alpha-helical segment. Merlin has
a unigue C-terminal domain lacking a binding region for F-actin that exists in all other
ERM proteins (3). Within the FERM domain, a seven amino-acid conserved sequence
(termed the “Blue Box”), is important for Merlin functions. Deletion of the Blue Box (ABB)
or substitution of polyalanine within this region results in a dominant-negative form of the
protein (4), most likely by disrupting intramolecular association between the N- and C-
termini of Merlin (5). This self-interaction can also be disrupted by phosphorylation of
Merlin at residue serine 518, leading to a functionally inactive “open state” (6). Merlin
phosphorylation at this site is stimulated by Racl and Cdc42 GTPases via activation of

their downstream effectors, p21-activated kinases (Paks) (7, 8).

Merlin is known to play an inhibitory role in Rac-mediated signaling (6). NF2-
deficient Schwannoma cells display aberrant membrane ruffling and concomitant
hyperactivation of Rac and Pakl (9-11). Fibroblasts and keratinocytes lacking Merlin
lose contact inhibition and Nf2-null neuroendocrine cells are defective in assembly of
tight junctions and adherens junctions (12), a process disrupted by activated Rac and
Pak (13-15) require. Merlin affects Rac trafficking to the plasma membrane and is a
direct inhibitor of Pakl, suggesting a negative feed-forward loop between Rac/Pak and
Merlin (16). For these reasons, The Rac/Pak signaling axis has garnered increasing

attention as a possible therapeutic target in NF2.
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As downstream mediators of Rac function, Paks have been implicated in
regulating cell morphology, motility proliferation, and survival (17-19). Group | Paks
(Pakl, -2, and -3) affect a wide variety of central signaling pathways, including positively
regulating mitogen activated kinases (MAPKSs), Akt, and NFxB (20, 21). In addition,
group | Paks influence the G2/M transition by activating Aurora-A and Polo-like kinase 1
(PIk-1) (22, 23). In Ras-transformed cells, expression of dominant- negative Pakl
blocks transformation and prevents full activation of Erk and Jnk, and it is thought such
MAPKSs represent important signaling targets for Pak in cancer (24, 25). In the Erk
pathway, Pak has been shown to phosphorylate c-Raf at S338 and Mek1 at S298 (26-
29). These phosphorylations are thought to be necessary, but not sufficient, for full

activation of c-Raf and Mek by Ras.

In this study, we show that inhibition of group | Paks in Nf2-mutant fibroblasts
and Schwann cells reduces proliferation, restores normal morphology, and reduces
invasiveness of cells lacking Merlin function, as well as the tumorigenicity of such cells in
nude mice. However, these changes are not associated with reductions in Erk or Akt
activity, suggesting that the beneficial effects of inhibiting Pak in these cells involves

novel signal transduction pathways.

Materials and Methods

Cell culture conditions and retroviral transductions. NIH-3T3 cells and
human HEI-193 schwannoma cells (a gift from Marco Giovannini) (30), were cultured in
high-glucose DMEM supplemented with 10% fetal calf serum, 2 mM L-glutamine and
100 U/ml penicillin/streptomycin at 37°C in a humidified 5% CO, incubator. The ¢NX
packaging cell line (Orbigen) was transfected using Lipofectamine 2000 (Invitrogen).
Viral supernatants were harvested 48 hr post-transfection and filtered. Cells were
incubated with retroviral supernatant supplemented with 4 ug/ml polybrene for 4 hr at
37°C, and then were cultured in growth media for 48 hr for viral integration. Infected
cells were selected with 2 ug/ml of puromycin or by flow cytometry for cells with green

fluorescent protein (GFP).

Expression Plasmids. A GST-PID (Pakl amino acids 83-149) or Gst-PID

L107F cDNA (27) was subcloned as a Bglll/Xhol fragment into the retroviral expression
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vector pBMN-I-GFP (http://stanford.edu/group/nolan/plasmid_maps/pmaps.html),
restricted with BamHI/Xhol.

Cell proliferation assay. 10*cells were plated in 96-well plates and 10 ul 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) solution was added to each
well to a final concentration of 0.5 mg/ml. The reaction was stopped after 4 hr at 37°C
by adding 100 pl of solubilization solution (10% SDS in 0.01 M HCI) and the samples
were analyzed at 595 nm on Perkin Elmer Envision plate reader. Triplicates were
performed for each sample and medium alone was used as a blank, and experiments

were performed on three occasions.

Cell invasion assay. Matrigel invasion chamber (BD Biosciences) were
rehydrated in serum-free DMEM medium for 2 hr and then placed in 0.75 ml of DMEM
medium supplemented with 5% fetal calf serum. Cells at a density of 1.5 X 10*
suspended in 0.5ml of DMEM, and seeded onto Matrigel chambers. Cells were allowed
to invade for 24 hr and cells on the upper surface were gently removed with a cotton bud,
and cells that had migrated through the 8 um pores were fixed with 4%
paraformaldehyde for 15 min and stained with 0.1% crystal violet for 15 min. Membranes
were washed, removed and mounted on a glass slide, and the level of invasion was

quantified by visual counting using a microscope with a 20X objective.

Cell cycle analysis. Cell cycle profiles were analyzed using flow cytometry with
propidium iodide staining. Cells were trypsinized and washed with PBS and fixed in
70% ethanol at -20°C. After fixation, cells were washed once with PBS and
resuspended in 0.5ml of a solution containing 1M Tris-HCI pH 8.0, 0.1% Nonidet P-40,
10 mM NacCl, 50 pg/ml propidium iodide and 70 Kunitz units/ml RNase A. FACS
analysis was performed using CELLQuest™ software (Becton Dickinson). A minimum

of 10,000 events was collected per sample.

Immunoblot analysis. Whole cell extracts were prepared by washing the cells
in cold PBS and lysed in a buffer containing 50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1%
Nonidet P-40, and 0.25% sodium deoxycholate, 1 mM NazVO,4, and 1 mM NaF, plus
complete protease inhibitor cocktail tablets (Roche). Protein concentrations were

determined using bicinchoninic protein assay reagent according to manufacture’s
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instructions (Pierce). Pak activation was stimulated by adding PDGF-BB (Sigma) at 5
ng/ml for 5 min to serum-starved cells. The antibodies used in this study include Pak1l;
Pak2; Mek1/2; phospho-MEKL1 (Ser298); Erk1/2; phospho-Erk1/2 (Thr202/Tyr204); p90
RSK; phospho-RSK (Thr359/Ser363); mTOR; phospho-mTOR (Ser2448); p70 S6 kinase;
phospho-p70 S6 kinase (Thr389); S6 ribosomal protein; phospho-S6 ribosomal protein
(Ser240/244); Akt; phospho-Akt (Thr308); PDK1; phospho-PDK1 (Ser241); Merlin (Cell
Signaling Technology); phospho-Pak1-3 (Ser141; Invitrogen); GST (Santa Cruz
Biotechnology); and B-actin (Sigma). All antibodies were used at a dilution of 1:1,000,

except for B-actin, which were diluted in 1:20,000.

Immunofluorescence. Cells were plated on glass coverslips in 6-well culture
plates and fixed in 4% paraformaldehyde for 10 min, permeabilized with 0.2% Triton X-
100 for 5 min and blocked with 1% BSA in PBS for 30 min. Filamentous actin and nuclei
were visualized by staining with Rhodamine-phalloidin (Molecular Probe) and DAPI
(Sigma), respectively. Images were observed and captured on an inverted

phase/fluorescence microscope (Nikon TE300).

Tumorigenicity assays. Cells were trypsinized, washed with PBS and
resuspended at 10’ cells per ml in PBS. 2 x 10° cells were injected subcutaneously into
flanks of 5-week old nude mice (BALB/c nu/nu). Mice were monitored and tumor
diameters were measured every 3 days using caliper for 6 weeks following injection.
Tumor volume was calculated by the following formula: volume = 0.5 x (length) x (width)?.
The mice were sacrificed and the tumors were resected for histological examination and

immunoblot analysis.
Data analysis. All experiments were performed at least three times. Results are
reported as means + SD. The significance of the data was determined by two-tailed,

unpaired Student’s t-test, and differences were considered statistically significant at P <
0.05.

Results
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Establishing Merlin-deficient cells that express a Pak inhibitor. To study the
influence of Pak inhibition in cells lacking Merlin function, we used two Merlin-deficient
cells lines. First, we established a stable NIH-3T3 fibroblast cell line overexpressing
Merlin ABB, a mutant form of the tumor suppressor that lacks the “Blue Box” motif and
acts in a dominant negative fashion, in effect mimicking loss of the NF2 gene (Fig. 1A)
(31). The expression level of Merlin ABB in such infected cells was about 5-fold higher
than endogenous Merlin (Fig. 1B). Note that, despite deletion of the Blue Box motif,
exogenous Merlin ABB migrates at the same position as endogenous Merlin in
SDS/PAGE. The second NF2 cell model was HEI-193 cells, which are derived from a
human schwannoma and which do not express Merlin isoforms 1 and 2 (Fig. 1B) (32).
NIH-3T3 cells expressing dominant negative Merlin (ABB cells) and HEI-193 cells were
then infected with recombinant retrovirus encoding GST-tagged Pak inhibitor domain
(PID) or a nonfunctional inhibitor control, PID L107F (PID LF) (Fig. 1A) (27). Both ABB
and HEI-193 cells infected with the PID or PID LF retrovirus displayed readily detected
signals in anti-GST immunoblots (Fig. 1B).

Effects of Pak inhibition on invasiveness in cells lacking functional Merlin. We
first examined the effect of Merlin on cell invasiveness and asked if such effects could be
reversed by PID expression. Cells were plated in a chamber above a layer of Matrigel
and assessed for their ability to penetrate through this layer, indicating invasiveness. As
shown in Fig. 2A, the invasiveness of ABB cells was almost twice that of control NIH-3T3
cells. Expression of PID, but not inactive PID LF, significantly inhibited the invasive
capacity of Merlin ABB cells. As in ABB cells, PID expression also decreased the
invasiveness of HEI-193 cells, whereas PID LF expression did not (Fig. 2B). Thus, in
both cell lines, a Pak inhibitor substantially reduced invasiveness in the absence of

Merlin function.

Pak inhibition suppresses cell growth via a G2/M blockade. Wild-type Merlin is
known to inhibit cell proliferation, in part by to limiting cyclin D expression and perhaps
also by effects on the mTOR pathway (33-35). We therefore assessed the effect of PID
expression on cell proliferation in cells lacking functional Merlin. As expected, ABB cells
showed an increased growth rate compare to vector control cells (Fig. 3A). Co-

expression of PID in these cells inhibited proliferation. Conversely, cells expressing PID
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LF resulted in slight stimulation on cell proliferation. Even more pronounced effects
were found in HEI-193 Schwanomma cells expressing PID, which showed substantially
slowing of proliferation relative to controls (Fig. 3B). Expression of PID LF had no effect

in these cells.

To better understand the effects of Pak blockade on cell proliferation, we
analyzed the effect of PID expression on the cell cycle (Fig. 3C). In ABB cells, PID
expression led to a significant accumulation of cells in G2/M, an effect not seen in
ABB/PID LF cells. Similar effects were noted in HEI-193 cells, in which PID expression

substantially increased the percentage of cells in G2/M (Fig. 3D).

Effects of PID on Erk cascade. To determine the molecular basis of the effects of PID
expression on Merlin signaling, we examined a number of signal transduction pathways.
In many cell types, group A Pak function is required for activation of Erk, most likely by
phosphorylation of c-Raf at S338 and Mek1 at S298 (24, 26, 27, 36, 37). As expected,
PID effectively blocked Pak, Mek, and Erk activation in NIH-3T3 fibroblast cells after
PDGF stimulation, whereas inactive inhibitor did not (Supplemental Fig. 1). These
results are consistent with our previous studies that Paks are required for PDGF-
mediated activation of Mek and Erk in fibroblasts (27). In ABB cells, basal levels of Pak,
Mek, and Erk activity were elevated but could be further stimulated by PDGF (Fig. 4).
PID expression suppressed Pak activation, as assessed by two distinct anti-phospho
Pak antibodies. Surprisingly, despite the suppressive effects of PID on Merlin ABB
invasion, and proliferation, expression of this inhibitor did not have a significant effect on

the activity of Mek and Erk, even though it did reduce Pak activity significantly.

We also assessed the effects of Pak inhibition in HEI-193 Schwannoma cells. As
in ABB cells, PID expression substantially reduced Pak activity in Schwannoma cells,
with little effect on Mek or Erk activities. However, unlike the results in ABB cells, PID
expression extinguished phosphorylation of Mek at S298, the putative site of Pak
phosphorylation. Thus, in these cells, despite effective suppression of Pak, with
consequent reduction of phosphorylation of one of its major targets in the Erk pathway,
Mek activity (as assessed by phospho Ser 217/221 antibodies) and downstream Erk

activity were unaffected.
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Two groups have recently shown a connection between Merlin deficiency and the
MTOR signaling pathway (35, 39). Loss of Merlin in HUVEC cells and in malignant
mesothelioma cells leads to activation of mMTORC1, and these cells are sensitive to
inhibitors of MTOR (35). Given these results, we examined mTOR activity in NIH-3T3
cells expressing Merlin ABB plus or minus PID. In this cell type, we found that loss of
Merlin function was not associated with elevated mTOR and S6 phosphorylation under
basal conditions or in response to PDGF stimulation. Pak inhibition by PID did not

notably alter the phosphorylation status of these signaling events (Supplemental Fig. 2).

Inhibition of tumor formation by Pak inhibition. HEI-193 cells do not grow as
xenografts (40); therefore, to assess the effects of Pak inhibition on NF2-related
tumorigenicity, we injected nude mice only with ABB, ABB/PID, or ABB/PID LF cells. In
agreement with previous studies, ABB cells developed substantial tumors by 6 weeks
post-injection (average volume >200 mm?®) (31, 41). Tumors derived from ABB/PID
cells were much smaller in size, with an average volume of 38 mm? (Fig. 5).
Interestingly, mice injected with ABB/PID LF cells developed tumors even larger

(average volume ~450 mm?) than those injected with ABB cells.

Lastly, we examined signaling activity in tumor lysates from these xenografts.
Pak activity was inhibited in ABB/PID cells, indicating that this suppressor remained
effective in vivo. Surprisingly, while Akt and Erk were not active in tumors derived from
animals injected with ABB or ABB/PID LF cells, both Akt and Erk were activated in
lysates from the small tumors that developed in mice injected with ABB/PID (Fig. 6). Itis
also of interest that, in the tumors from ABB/PID mice, Merlin expression (presumably
exogenous Merlin ABB) was substantially elevated. These data show that PID
expression strongly inhibited tumor formation in the NF2 xenograft model, suggesting
that Group | Paks are required for transformation in cells that have lost Merlin function.
Despite this requirement, loss of Pak function did not reduce Akt or Erk activity; on the

contrary, it activated them.

Discussion
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In this report, we have shown that the effects of a dominant acting Merlin protein
can be largely reversed by inhibition of group | Paks. As has been noted previously,
expression of the dominant mutant Merlin ABB alters the actin cytoskeleton, promotes
invasiveness, increases cell proliferation rate, and confers the ability to form tumors in
nude mice (31). Given that Pak is activated in cells lacking functional Merlin (41) and
that some of these aberrant phenotypes resemble those shown in cells with
hyperactivation of Pakl (42-44), blockade of Pak might represent a reasonable

therapeutic strategy in NF2.

The data reported here are in general agreement with a previous study
conducted by Yi et al., in which Pak inhibition by shRNAs reduced tumor volume (41),
but also have some intriguing differences. Interestingly, in the study by Yi et al., escape
from Pak knock-down occurred when expression of the Pakl shRNA hairpin was
silenced by methylation of the H1 promoter in the NF2 tumor cells. In our studies, which
employed a peptide inhibitor of Pak rather than shRNA, we noted that the few, small
tumors that arose in animals injected with ABB/PID cells did not shut off the PID
transgene but did show significant increases in Merlin ABB expression (Fig. 6). The
most likely explanation for these findings is that increased Merlin ABB expression was
required for the tumor cells to escape inhibition consequent to diminished Pak function.
Thus, both the results of our study and that of Yi et al. suggest that Pak activity is
required for efficient tumorigenesis in cells that have lost Merlin function. In addition, our
study shows that down-regulating Pak expression per se is not required for inhibiting
tumor formation; inhibiting the catalytic activity of endogenous Pak is sufficient for these

beneficial effects.

The involvement of Akt and Erk in NF2 pathobiology is controversial. Some
studies report elevated Akt and Erk in NF2-deficient cells (45-51), whereas others report
no correlation (35, 39). Our results are consistent with these latter studies, in that cells
lacking Merlin, whether grown in vitro or when recovered from xenograft tumors,
displayed low basal Akt and Erk activity. Curiously, in the few small tumors that
developed from ABB/PID xenografts, Akt and Erk activities were elevated. The same
was true for ABB/PID cells grown in vitro. These activations may reflect an altered
signaling strategy in the tumor cells, necessary to overcome loss of Pak activity due to

PID expression. Curiously, increased Erk activity was observed in Schwannoma cells,
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even though Mek S298 phosphorylation was suppressed by PID (Fig. 4). These
unexpected results indicate that Mek S298 phosphorylation, though a faithful reporter of
Pak activity in these Schwannoma cells, does not always correlate with Mek activity. It
is possible that altered signaling in Merlin-deficient Schwann cells abrogates the
requirement for S298 phosphorylation, perhaps by phosphorylation of Mek at another
site by another kinase.

While loss of Pak function reduced invasiveness, proliferation, and tumorigenesis
of Merlin-deficient cells, it did not affect Erk, Akt, or mTOR signaling. Thus, the
molecular basis for Pak’s effects in these cells is uncertain. Interestingly, we found that
Merlin ABB cells expressing the Pak inhibitor accumulate in the G2/M phase of the cell
cycle. This finding is consistent with the observation that Pakl localizes to centrosomes
at late stages of the cell cycle and this localization is blocked by Pak inhibitors, leading
to abnormal spindle formation and G2/M phase arrest (22). The mechanisms underlying
these effects are not entirely clear, but could be related to the role of group | Paks in
activating Aurora A and Polo-like kinases, which are important for mitotic progression
and other mitotic-associated events (23). Thus, the basis for Pak’s effects in NF2 likely

involves novel signaling pathways that have not been previously considered or targeted.

A number of peptide based reagents, such as PID and cell-penetrating peptides
based on the Nck or PIX binding regions of Pak, have been used to effectively block Pak
function in cells and in vivo (52-54). Recently, a few specific small molecule inhibitors of
group | Paks have also been described, including OSU03012, A-FL172 (55), and IPA-3
(38). The latter of these three compounds has been shown to inhibit membrane ruffling
and cell spreading in NF2"~ schwannoma cells (56). Interestingly, in these experiments,
blockade of Pak with IPA-3 reduced Rac activity, suggesting that Pak acts upstream of
Rac in these cells. Though Rac also activates Pak, such an idea is consistent with
models which link Pak to further Rac activation via the Pak-bound guanine-nucleotide
exchange factor, PIX (35, 57). These results, like ours, support the notion that the
Rac/Pak signaling axis is activated as a consequence of Merlin loss, and that these

enzymes might provide useful targets for therapy in NF2.
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Figure Legends

Figure 1. Establishment of cells with loss of Merlin and/or Pak function, (A)
Schematic of experimental design. NIH-3T3 cells were infected with a control retrovirus
or a retrovirus encoding dominant negative Merlin (Merlin ABB). These cells were then
infected with a retrovirus encoding the Pak inhibitor (PID) or an inactive control (PID LF).
(B) Cells were starved overnight and then stimulated with PDGF for 5 min. Immunoblots

for Merlin, (GST)-PID, actin, and phospho-Pak expression are shown.

Figure 2. Effects of PID on invasion. (A) The invasiveness of control cells or cells
expressing Merlin ABB, Merlin ABB/ PID, or Merlin ABB/PID LF was determined by
Matrigel invasion chamber assay as compared against uninfected control cells. The
experiments were performed three times with similar results. The data are presented as
the means + S.D. of duplicate well measurements from one representative experiment.
(B) Staining pattern of cells that have migrated and adhered to the bottom surfaces of
filters in cell invasion assay. The small circles are cross-sections of 8 um pores. Scale

bar = 50 um.

Figure 3. Inhibition of cell proliferation and induction of G2/M arrest by
expression of PID. (A) Equal numbers of the indicated cells were seeded in 96-well
plate and monitored by MTT assay for 7 days. The experiments were conducted three
times with similar results. (B) Cells were stained with propidium iodide and subjected to
cell cycle analysis by FACS. Results are representative of three independent

experiments.

Figure 4. Lack of effect of Pak inhibition on Erk pathway in Merlin ABB
transformed cells. Cells were cultured in serum-free medium for 24 hr and then
stimulated with 5 ng/ml of PDGF for 5 min, as described in Material and Methods. Lysed
cells were separated by SDS-PAGE and incubated with the indicated antibodies. Data

shown represent the means + SD of data from three experiments.
Figure 5. Effects of PID on tumor formation. Tumor formation was assessed by

subcutaneously inoculating 1 X 10° NIH-3T3 cells infected with empty vector (Vector)

into left flanks and equal number of Merlin-expressing cells (ABB, ABB/PID and ABB/PID
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LF, respectively) into right flank of the same mice. Five mice were used for each cell line.
Tumor diameters were measured every 3 days using caliper for 6 weeks following
injection. (A) Representative photographs of nude mice with solid tumors (left panel).
Enlarged images of boxed area in the left panel (right panel). (B, C) Tumor volume was
calculated by the formula described in Material and Methods. Horizontal lines represent

the average tumor diameter.

Figure 6. Activity of signaling pathways in tumor samples from xenografts. Tumor
were resected and immediately lysed in a buffer containing 10 mM PBS pH 7.2, 1%
Triton X-100, 0.1% SDS, 20% glycerol, plus complete protease and phosphatase
inhibitor tablets (Roche). Lysates were separated by SDS-PAGE and incubated with the

indicated antibodies.

Supplemental Figure 1. Effect of Pak inhibiton on signaling in NIH-3T3 cells.
Control NIH-3T3 cells and NIH-3T3 cells stably expressing PID or PID LF were starved
for 24 hrs in serum-free medium, then stimulated for 5 min with 5 ng/ml; PDGF. Protein

lysates were separated by SDS-PAGE, blotted, and probed with the indicated antibodies.

Supplemental Figure 2. Effect of Pak inhibition on mTOR pathway in NF2 cells.
The indicated cells were starved for 24 hrs in serum-free medium, then left untreated or
stimulated for 5 min with 5 ng/ml PDGF. Protein lysates were separated by SDS-PAGE,
blotted, and probed with the indicated antibodies.
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